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With the increasing adoption of wireless network 
technologies, a variety of attacks targeting these networks have 
emerged, posing significant threats to user security. One prominent 
type of attack is the evil twin attack, which involves the creation 
of fake access points, often referred to as "evil twins." In this type 
of attack, a malicious actor sets up a fake access point (AP) 
designed to closely resemble a legitimate one, thereby deceiving 
users into believing it is trustworthy. By exploiting these fake APs, 
attackers can capture user credentials and gain unauthorized 
access to sensitive information, potentially leading to financial 
exploitation or system breaches. Due to the covert nature of evil 
twin attacks, they can be highly effective without the users' 
awareness. In this study, explores the risks posed by evil twin 
attacks and investigates defense strategies to address the security 
challenges in wireless networks. To achieve this, a scenario 
involving an evil twin attack is developed and analyzed. In this 
scenario, an attacker establishes a fake wireless access point in a 
café or public area near the targeted institution, replicating the 
institution's network name and security settings to trick users into 
connecting to the malicious network. This study underscores the 
potential impacts of such attacks and outlines critical measures 
that both users and institutions should implement to safeguard 
against these threats. 
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1 INTRODUCTION 

The widespread adoption of wireless network technologies in today's world has 

led to a significant transformation in the field of information and communication [1]. 

However, along with the proliferation of this technology, malicious attackers have 

developed various types of attacks targeting wireless networks, posing threats to the 

security of users. One of the most sophisticated types of these attacks is a form of 

attack known as the evil twin attack. The evil twin attack is executed through the 

creation of fake access points [2]. These attacks typically involve the creation of a 

fake access point that mimics the appearance of a wireless access point that users 

perceive as trustworthy. As soon as the victim connects to this fake access point, the 

attack is initiated. Evil twin attacks enable attackers to steal the identities and 

passwords of legitimate users and gain access to sensitive data using this information 

[3]. This poses a serious threat to both the security of users and the information 

security of institutions. 

 In recent years, the most common analysis methods used for preventing and 

detecting evil twin attacks involve monitoring and analyzing network traffic, 

analyzing security protocols, and utilizing artificial intelligence and machine learning 

techniques [4]. The method based on monitoring and analyzing network traffic relies 

on analyzing situations where the number and types of packets in the network traffic 

are different from normal, enabling the detection of a potential evil twin attack. 

Another method used to prevent evil twin attacks is the use of security protocols. In 

particular, strong encryption and authentication methods can prevent malicious 

actors from creating fake access points. By ensuring that users securely connect to 

the network, this method can reduce the impact of evil twin attacks [4]. Another 

approach used for detecting and preventing evil twin attacks involves the use of 

artificial intelligence and machine learning techniques. These methods are used to 

analyze large datasets to detect abnormalities and signs of attacks. In particular, 

deep learning algorithms have the potential to identify and block complex evil twin 

attacks [5]. 

 This study aims to address security threats in wireless networks and 

specifically examine the potential risks of and protection strategies against evil twin 

attacks. The overall objective of the study is twofold. Firstly, a case analysis was 
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conducted to understand how evil twin attacks are carried out. The goal here is to 

provide concrete recommendations to elucidate the logic behind the attacker's evil 

twin attack. Secondly, the study aims to explain the complexity of evil twin attacks 

and their impact on cybersecurity, as well as to develop mechanisms for protection 

against these attacks. In this study, differentiates itself from existing tools used for 

modeling evil twin attacks by proposing a novel prevention mechanism that 

incorporates advanced security protocols and user education. While most existing 

literature focuses primarily on the process of executing the attack, this paper 

provides an in-depth analysis of both the technical aspects of the attack and the 

effective countermeasures that can be employed to mitigate such threats. 

 Within this scope, an evil twin attack scenario was created and analyzed. In 

this scenario, the attacker sets up a fake wireless access point in a cafe or public 

area near the targeted institution, designing the fake access point to mimic the name 

and security settings of the target institution to lure users into connecting to the 

fake network under their control. This study not only highlights the potential impacts 

of evil twin attacks but also includes significant steps in understanding the strategies 

of attackers and taking necessary measures to protect users and institutions against 

such attacks through complementary mechanisms. 

2 MATERIAL AND METHOD 

This section begins by providing a detailed explanation of the equipment and 

steps used to carry out the evil twin attack (real case study). Subsequently, a brief 

description of the events occurring during the attack is provided.  

2.1 Equipment 

The equipment used to carry out the evil twin attack consists of several basic 

components. These are: 

1. Kali Linux Operating System: A powerful pentesting operating system like 

Kali Linux is necessary for the successful execution of the attack. Kali Linux 

is a Debian-based operating system that includes numerous cybersecurity 

tools and applications. 
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2. Computer: A suitable computer and monitor are required to execute the evil 

twin attack. This computer should be compatible with the Kali Linux 

operating system and will be used to manage the attack. In this study, a 

Lenovo workstation with an Intel Core i7-10700K processor, 32GB RAM, 1TB 

HDD, 512GB SSD, and a 5GB Quadro GPU running Windows 11 Pro operating 

system was used. 

3. Network Interface Card (NIC): An NIC capable of conducting network 

discovery and supporting monitor mode is essential for effectively executing 

the attack. In this scenario, an Alfa Network NIC was used because it supports 

monitor mode and has the capability to monitor network traffic.  

2.2 Attack Steps 

This section focuses on the attack steps of evil twin attacks in wireless 

networks. These steps will explain how attackers create fake networks and acquire 

user credentials (Figure 1). The attack steps are as follows [6]: 

1. Installation of Kali Linux Operating System: As the first step, the attacker 

installs the Kali Linux operating system on a suitable computer. Kali Linux 

comes pre-loaded with many cybersecurity tools and provides an ideal 

environment for pentesting operations. 

2. Network Card Settings: The attacker enables monitor mode using the Alfa 

Network network card and makes it available to monitor network traffic. This 

step is crucial for discovering devices on the network and determining 

targets. 

3. Initiation of Evil Twin Attack: The attacker initiates the evil twin attack to 

steal the identities of legitimate users on the target network. This involves 

generating fake requests or transactions and manipulating network traffic. 

The attacker creates fake network requests and redirects network traffic to 

deceive target devices. To achieve this, the attacker runs the Aircrack-ng 

tool on Kali Linux to detect security vulnerabilities in wireless networks. This 

step is important for analyzing target networks and identifying potential 

targets. 

4. Unauthorized Access: When the evil twin attack is successfully executed, the 

attacker captures the identities of legitimate users and gains unauthorized 
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access to systems. This aims to gain access to sensitive data, take control of 

systems, or perform other malicious activities. For this purpose, the 

Aircrack-ng tool is used to generate fake requests or transactions and 

manipulate network traffic. 

5. Monitoring and Improvement: The attacker monitors and improves the 

effectiveness of the attack. By analyzing network traffic, they identify 

discovered vulnerabilities and develop strategies for future attacks. 

These steps provide a general approach to executing an evil twin attack. 

However, each attack situation is unique and may vary depending on the attacker's 

goals and environmental factors [7], [8]. 

 

Figure 1. Evil Twin attack steps [9]. 

2.3 Evil Twin Attack Scenario 

The steps of the evil twin attack are provided in Figure 1. The attack begins 

with the attacker installing the Kali Linux operating system on a suitable computer. 

Then, the attacker runs the Aircrack-ng tool on Kali Linux to detect security 

vulnerabilities in wireless networks. This step is crucial for analyzing target networks 

and identifying potential targets. Subsequently, the attacker initiates the evil twin 

attack to steal the identities of legitimate users on the target network. By using the 

Aircrack-ng tool, fake requests or transactions are generated, and network traffic is 

manipulated [10]. When the evil twin attack is successfully executed, the attacker 
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captures the identities of legitimate users and gains unauthorized access to systems. 

This step aims to gain access to sensitive data, take control of systems, or perform 

other malicious activities. Finally, the attacker monitors and improves the 

effectiveness of the attack. By analyzing network traffic, they identify discovered 

vulnerabilities and develop strategies for future attacks. 

3 ANALYSIS OF CASE STUDY 

In this section, a case analysis was conducted to understand how evil twin 

attacks are carried out. For this purpose, a real-life case example was examined, 

and a comprehensive analysis was conducted on the methods used to execute the 

evil twin attack and the results obtained. Airgeddon tool package was utilized for 

this purpose. Airgeddon is equipped with various features that allow monitoring and 

controlling of wireless networks, including menu-driven handshake capturing and Evil 

Twin Attack functionalities. 

 Figure 2 shows how the necessary preparations for the malicious twin attack 

are made through the user interface of the Airgeddon tool. Initially, the user needs 

to redirect their wireless network card to the correct network and activate 

monitoring mode. Subsequently, by selecting the sixth option, "Evil Twin Attack (AP 

encryption)," preparations are made to create a fake access point. This fake access 

point enables the attacker to redirect users of the target network to a login page 

that appears legitimate, thereby capturing their credentials. 

 

Figure 2. Airgeddon Tool installation page 
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Figure 2 depicts a desktop environment running the Kali Linux operating 

system, commonly used for education and research purposes in the field of 

cybersecurity. Within Kali Linux, the open-source tool Airgeddon comes pre-

installed. 

 

Figure 3. Configuration of Airgeddon tool. 

Figure 3 shows the step where users select their wireless network cards and 

then configure the necessary settings on these cards for using the Airgeddon tool. In 

this step, the network card to be used in the attack is selected. Subsequently, the 

type of attack to be performed is chosen from the parameters available in the 

Airgeddon tool menu (Figure 4). 

 

Figure 4. Configuration of Airgeddon tool. 

Figure 4 shows the user interface and usage parameters of the wireless 

penetration testing tool called Airgeddon. For this purpose, the first step is to set 

the network card to monitoring mode. Subsequently, the type of attack to be 

performed should be determined. A two-step process involving setting the wireless 

network cards to monitoring mode and selecting the type of attack to be performed 

is shown. In the first step, users need to select the network card to switch to 
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monitoring mode, which is a prerequisite for the detection and analysis of wireless 

networks. In the second step, users need to select the type of penetration testing 

attack they will perform. 

 

Figure 5. Scanning of Wifi Networks and target identification using Airodump-ng 

tool. 

After configuring the interface and usage parameters of the Airgeddon tool, 

scanning of Wifi networks and target identification is performed (Figure 5). Network 

scanning performed using tools like Airodump-ng allows the attacker to determine 

the signal strength, MAC address, and encryption protocols of the target network. 

This step is necessary to enhance the credibility of the rogue access point to be set 

up later. As shown in Figure 5, network scanning is conducted by selecting the 

Airodump-ng tool. 

The scanning performed by the Airodump-ng tool involves the attacker using 

their wireless network card in monitoring mode to scan the surrounding wireless 

networks and assess which of these networks could potentially be targeted for a 

rogue access point in an evil twin attack. From the scan results, the attacker can 

gather information such as signal strength, ESSID, and MAC address of the networks, 

which will be utilized to make the rogue access point appear more legitimate and 

deceive users of the target network. 

In the example of a real case where our objective is to obtain passwords 

associated with the targeted organization, we opted for the 6th method from the 

menu (Figure 6). This method is crafted to mimic the official modem interface 

commonly used by users during network connection. Consequently, users are 
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prompted to enter their credentials, creating an illusion of connecting to the 

authentic network. 

 

Figure 6. Selection of an Evil Twin attack type using the Airgeddon tool. 

 Following this step, the target network is identified, and the Evil Twin attack 

is initiated using the Airgeddon tool. As the attack commences, the perpetrator 

enters a waiting phase, displaying a series of interfaces and screens. In this attack 

methodology, the expected waiting time typically varies between 1 to 45 minutes 

(ref). During the attack, the perpetrator forcibly disconnects users from the current 

network through a deauthentication (deauth) process, compelling them to connect 

to the perpetrator's fake network (Figure 7). This strategy aims to deceive users into 

connecting to the fake network, resembling a genuine one, in order to obtain the 

victim's credentials. 

 

Figure 7. Selection of an Evil Twin attack type using the Airgeddon tool. 

 Among the various deauthentication methods available in the Airgeddon tool, 

the perpetrator selects the one they consider most effective, often identified as 
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“Deauth aireplay attackˮ (number 2) (Figure 7). This method targets all devices on 

the network using the aireplay-ng tool, causing them to disconnect from the network 

and thus forcing users to reconnect. Once the channel hopping feature is disabled 

and the selected interface is confirmed, the perpetrator awaits users to connect 

through the fake network (Figure 7). 

 

Figure 8. The Deauth commands and the moment of deauthentication attack. 

In Figure 8 (1), continuous “Deauthˮ commands are observed. This method is 

used to disconnect users from the legitimate network and force them to connect to 

the perpetrator's fake network. The deauthentication attack disrupts users' current 

connections, prompting them to automatically reconnect to the strongest signal, 

which in this case would be the perpetrator's fake network. 

 

Figure 8. Configured login portal for victim connection. 

Upon connection, the user will be greeted with a page prompting them to 

enter a specially configured WiFi password. This page can be customized to withhold 

internet access until the user provides the requested information (Figure 9). 

Additionally, even if an incorrect password is entered, internet access will not be 
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granted; only when the correct password is entered will the victim be granted 

internet access. These measures are designed to enhance information security and 

prevent unauthorized access. 

 

Figure 9. Demonstration of successful completion and results of Evil Twin attack. 

Figure 9 shows the successful completion and results of a wireless network 

attack scenario. At this stage, it is evident that a user has entered a password into 

the fake network portal, and this entry has been captured by the attacker. Alongside 

a message confirming the successful entry, it is indicated that the password entered 

by the user has been saved to a file and reflected in the Linux terminal. This outcome 

demonstrates how, within the context of an Evil Twin attack, the attacker gathers 

and stores authentication information obtained from the target user. By convincing 

the user to connect to their controlled fake network and enter the network password, 

the attacker gains access to this information. 

4 DISCUSSION 

Evil Twin attacks stand out as a significant security threat in wireless 

networks. These types of attacks aim to capture users' information by creating fake 

access points. This type of attack can seriously threaten the information security of 

users and organizations, leading to financial losses. Therefore, it is important to 

develop and implement effective protection strategies against Evil Twin attacks. 

Hence, this study conducted a real case analysis to address the potential risks of Evil 

Twin attacks and the measures to be taken. 

Such attacks are often carried out without users' awareness and can result in 

the capture of sensitive information or the deception of users. In this context, it is 

important for users to be aware of and implement protection strategies against Evil 

Twin attacks. Additionally, the effects of Evil Twin attacks on organizations and 

businesses should be examined. These attacks can jeopardize the reputation and 
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credibility of businesses and put customers' security at risk. Therefore, it is necessary 

for businesses to strengthen their defense strategies against Evil Twin attacks and 

take necessary measures to protect sensitive information. 

The methods used to carry out the attack need to be evaluated in the case 

analysis examined in the study. Firstly, it is important that such tools are used within 

a legal framework. The usage of hacking tools and unauthorized access to networks 

are illegal in many countries and can have serious legal consequences. Therefore, it 

is important that these tools are used only for legal and ethical purposes. 

Additionally, the usage of these tools brings ethical considerations. Cybersecurity 

experts should respect personal privacy and security while using these tools and 

should not engage in unauthorized access. 

Furthermore, the potential harms and consequences of using these tools 

should be taken into account. A step-by-step scenario has been created for the 

execution of Evil Twin attacks, clearly demonstrating the steps taken by the attacker 

to gain access to the target network. As a result of these steps, the attacker has 

gained unauthorized access to systems by capturing the identities of legitimate 

users, thereby increasing the likelihood of accessing sensitive data, seizing control 

of systems, and engaging in other malicious activities. However, the impact and 

damage of the attack can vary depending on the attacker's motivation and the 

security measures of the target network. 

To effectively counteract evil twin attacks, it is essential to implement a 

comprehensive set of preventive measures and defense strategies. First, employing 

robust and up-to-date network security protocols and encryption methods is crucial. 

Network administrators should secure their networks using the latest encryption 

standards, such as WPA3, and encourage the use of strong, complex passwords to 

further enhance security. In addition to encryption, regular security vulnerability 

scans and penetration tests are necessary to identify and mitigate network 

vulnerabilities. These ongoing scans help administrators understand the evolving 

techniques used by attackers, enabling them to develop targeted defense strategies 

against threats like evil twin attacks. 

Furthermore, the utilization of firewalls and network monitoring tools by both 

administrators and users is vital to track network traffic and detect any unusual 
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activities, facilitating early detection and prevention. Raising end-user awareness is 

equally significant in creating a multi-layered defense system. By educating users on 

how to recognize fake access points and avoid connecting to untrusted networks, the 

overall effectiveness of these preventive measures can be greatly enhanced. Security 

awareness training provides users with the knowledge needed to understand the risks 

posed by evil twin attacks and how to protect themselves accordingly. 

Assessing the effectiveness of evil twin attacks in different environments is 

also important for understanding their potential impact in real-world situations. For 

example, evaluating how these attacks perform on networks using different security 

standards-such as WPA, WPA2, and WPA3-reveals specific vulnerabilities and 

indicates which protocols are more resistant. Even advanced encryption like WPA3 

may be vulnerable under certain conditions, particularly due to user errors or 

incorrect configurations. 

Acknowledging the limitations of the tools used to execute these attacks is 

also crucial. The dependency on specific hardware and software, especially when 

targeting networks with enhanced security measures, can significantly restrict the 

effectiveness of these attacks. The success of an evil twin attack is often influenced 

by the capabilities of the tools and the security measures in place within the target 

network, showing that both environmental and technological factors significantly 

affect the outcome. 

Considering future advancements is essential when discussing the progression 

of evil twin attacks. The integration of new technologies, such as artificial 

intelligence and machine learning, could make these attacks harder to detect while 

allowing attackers to use more advanced techniques. Therefore, it is imperative to 

strengthen existing defense mechanisms and advance AI-driven detection methods. 

Such developments will ensure that defense strategies are continuously adapted to 

counter new and sophisticated threats. 

Finally, the protection strategies presented in this study emphasize both 

enhancing security protocols and increasing user awareness. The adoption of 

advanced encryption standards and robust authentication mechanisms forms the 

foundation of a strong defense against evil twin attacks. Moreover, improving user 

awareness is equally critical—organizations should regularly provide security training 
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to help end-users recognize and avoid untrusted access points. Empowering users 

with the skills and knowledge needed to identify potential threats will significantly 

improve overall resilience to such attacks. These user-centered strategies, in 

conjunction with technical countermeasures, create a holistic approach to mitigating 

the risks associated with evil twin attacks. 

5 CONCLUSION AND SUGGESTIONS 

Evil twin attacks pose a significant cybersecurity threat to both users and 

companies. These attacks can compromise the identities of legitimate users, gain 

unauthorized access to systems, and potentially cause extensive financial and 

reputational damage by compromising sensitive data. The analysis conducted in this 

study examines a real case of evil twin attacks, focusing on the strategies employed 

by attackers, the analysis methods of this threat, and defense mechanisms against 

it. 

 Understanding the thought process and strategies of attackers is a critical step 

in preventing evil twin attacks in cyberspace. This understanding can serve as an 

important tool for cybersecurity experts to anticipate attackers' actions and adjust 

defense strategies accordingly. Firstly, understanding the motivations and objectives 

of attackers can help in identifying potential targets and directing their attacks. 

Secondly, analyzing the techniques and strategies used by attackers can help identify 

weaknesses in existing defense mechanisms. This is crucial for strengthening defense 

strategies and effectively preventing attacks. Additionally, a detailed analysis of 

attackers' pre-attack preparations and behavior during attacks can help 

cybersecurity experts improve their ability to detect and respond to attacks. These 

insights can contribute to the development of more effective cybersecurity 

strategies and the enhancement of stronger defense mechanisms against evil twin 

attacks in cyberspace. 

To effectively mitigate the risks posed by rogue access point attacks, users 

must adopt a range of precautionary measures, as outlined below: 

1. Avoiding Untrusted Networks: Users should avoid connecting to wireless 

networks whose authenticity cannot be verified. This is particularly pertinent 
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to free Wi-Fi services in public places, as these networks carry a high risk of 

impersonation. 

2. Verification of Access Point Identity: Before connecting to a wireless 

network, users must verify the network name and identity carefully. Any 

unexpected or unfamiliar network name might indicate a potential attack, in 

which case users should refrain from connecting. 

3. Enhancing Security Through VPN Usage: Utilizing a Virtual Private Network 

(VPN) encrypts internet traffic, thereby enhancing security and preventing 

attackers from intercepting the data. This measure is especially critical when 

using public networks to ensure user privacy. 

4. Disabling Automatic Connection Feature: The automatic connection feature 

in devices may result in connecting to untrusted networks without the user's 

knowledge. Disabling this feature can prevent inadvertent connections to 

potentially harmful networks, thereby increasing security. 

5. Utilization of Updated Security Software and Antivirus: Keeping security 

software and antivirus programs up to date is crucial for identifying and 

mitigating potential threats. This proactive approach strengthens the defense 

against malicious access points. 

6. Securing Data Using HTTPS Protocol: Users are encouraged to use the HTTPS 

protocol during their internet activities to ensure data traffic is encrypted, 

thereby reducing the risk of sensitive information being compromised. This 

protocol plays a key role in safeguarding personal information such as 

credentials. 

 These measures are intended to reinforce the security of end-users against 

potential threats that may arise in wireless networks. By implementing such 

strategies, users can become more resilient to attacks such as the evil twin. 

 The knowledge and skills required to execute evil twin attacks necessitate 

expertise in the field of cybersecurity. Therefore, organizations should strengthen 

their defense mechanisms, provide continuous training for personnel, and regularly 

update security measures. Additionally, legal and ethical considerations should be 
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taken into account, and organizations should strive to fully comply with laws and 

ethical standards. 

 Future research should focus on developing more effective defense strategies 

against evil twin attacks. This requires a comprehensive research effort focused on 

better understanding attack methods, improving defense mechanisms, and 

advancing cybersecurity technologies. Moreover, increasing collaboration and 

information sharing can accelerate developments in cybersecurity and support 

organizations in creating a more secure cyber environment. In this way, organizations 

can establish a more secure and reliable cyber environment and minimize the 

impacts of cyber-attacks. 
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1 INTRODUCTION 

An essential part of the oil and gas exploration process is the drilling of wells 

for scooping the desired products deposited in the earth. However, the quality and 

quantity of crude oil and gas producible from wells diminish over time due to several 

geological and mechanical challenges associated with the age of oil and gas wells 

[1]. Close to the end of life of oil and gas wells when the water contents in the wells 

have increased tremendously, operators have the choice of deploying enhanced oil 

recovery (EOR) technologies to optimize oil and gas outputs from wells and of course 

the profits accruable to the company [2], [3], [4]. However, oil and gas players in 

several developing countries such as Nigeria consider the costs of EOR too intensive, 

and considering the availability of vast oil and gas reserves in other virgin fields, they 

tend to simply abandon depleting wells and move on to develop new ones. 

Consequently, huge thermal energy available in the abandoned wells is wasted, and 

the oil wells so abandoned without adequate decommissioning are major sources of 

environmental degradation. Thus, researchers have been investigating other 

potential uses of heat in abandoned oil and gas wells, in which case the conversion 

to geothermal sources for power production is at the fore [5], [6], thereby placing 

this study in a proper perspective. 

The organic Rankine cycle (ORC) is today ubiquitous energy conversion 

technology that plays a critical role in the conversion of low-temperature thermal 

energy to electricity [7], [8], [9]. Besides the ORC, there are other methods for low-

temperature conversion to useful energy, Agberegha et al. [10] proposed a novel 

combined-cascade steam-to-steam trigeneration cycle integrated with vapour 

absorption refrigeration (VAR) and district heating systems. The proposed 

trigeneration system incorporated a binary NH3–H2O VAR system, emphasizing its 

significance in low-temperature energy systems. The VAR system achieved a cycle 

exergetic efficiency of 92.25% at a cooling capacity of 2.07 MW, utilizing recovered 

waste heat at 88 ◦C for district hot water. The recovered heat minimizes overall 

exergy destruction, enhancing thermal plant performance. 

ORC is synonymous with the conventional steam Rankine cycle in its processes, 

differing only in the use of organic working fluid instead of water used in the steam 

Rankine cycle [11], [12]. Several researchers have tipped the ORC as a viable 
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technology for exploiting the residual thermal energy in abandoned oil wells for 

electricity production [13], [14], [15], [16]. However, most of the previous studies 

on the subject have been limited to techno-economic feasibility studies based on the 

First Law of Thermodynamics [17], without much recourse to the environmental 

aspects. Considering the potential threat that such systems could pose to the 

environment, it is vital to incorporate environmental assessment [18] into the 

technical feasibility studies of power production from abandoned oil wells using ORC 

plants. 

Researchers have postulated exergetic approaches, derived from the 2nd Law 

of Thermodynamics, for integrating environmental assessment with technical 

analysis of energy systems, in the form of exergetic sustainability assessments [19], 

[20], [21] and exergo-environmental analysis [22], [23]. A few studies on ORC plants 

that have incorporated both the exergetic sustainability and exergo-environmental 

methods are summarized here. Parham et al. [24] employed the exergetic 

sustainability method to examine the roles of evaporator temperature on the output 

power of an ORC plant and hydrogen production rate from an electrolyzer in a tri-

generation system using an open absorption heat transformer (OAHT) as the heat 

source. The authors affirmed that increasing the evaporator inlet temperature is in 

favor of the environment by the increase in exergetic sustainability factor and 

decrease in exergo-environmental impact. Abam et al. [25] adopted the exergy-

based sustainability indicators to determine an optimum amongst several ORC 

configurations utilizing low-temperature energy sources. They reported specifically 

that system configuration and working fluid choice play significant roles in the 

sustainability of ORC plants. In another study, Abam et al. [26] used the exergetic 

sustainability indices to compare the performance of R245fa, R1234yf, and R1234ze 

when employed as working media in ORC plants. The authors again reiterated that 

either of the refrigerants compared could give optimal sustainability performance 

depending on the actual ORC configuration in focus. Also, Abam et al. [27] 

investigated the effects of evaporator pressure and heat source temperature on the 

exergetic sustainability of several ORC configurations, reporting that strong 

correlations exist between the varied cycle parameters and its sustainability, as 

would be expected. Adebayo et al. [28] identified the current density in a multi-

generation energy system comprising a solid oxide fuel cell, an ORC, and an 
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absorption chiller as a major factor affecting exergetic sustainability and 

environmental impact. Specifically, the authors reported that increasing the current 

density would harm the sustainability of such a system. Nasruddin et al. [29] analyzed 

the exogoenvironmental performance of a binary geothermal ORC plant operational 

in Indonesia, reporting a total environmental impact of about 0.3 Pt/s for the system. 

Also, Alibaba et al. [30] employed the exergy-based method to investigate the 

impacts of a solar-geothermal ORC system on the environment. They obtained that 

the solar system had the highest environmental impact on the hybrid plant and that 

exergy destruction contributed the most to the overall environmental impact of the 

system. Ding et al. [31] reported the significance of working fluid leakage in the 

environmental impacts of ORC systems. Specifically, for R245fa, R134a, R152a, and 

R227ea compared in the study, the authors obtained that between 2.6% and 26% of 

the environmental impact is directly linked with the working fluids, between 36% 

and 78% of which are due to leakages. Fergani et al. [32] used the exergo-

environmental method to study the optimization potentials in an ORC plant for waste 

heat recovery in the cement industry. They reported that from the exergo-

environmental viewpoint, the heat exchangers should be optimized, for the overall 

improvement of the entire ORC system. 

It is explicit from the foregoing that ORC can be employed to optimally 

produce electricity from abandoned oil wells. Also, the exergetic sustainability and 

the exergo-environmental methodologies are being explored widely for integrated 

environmental assessments of ORC plants for different applications. However, no 

study has been found in the literature that assessed the exergo-environmental 

sustainability potentials of power generation from ORC using abandoned oil wells as 

the primary energy source. Considering the importance of the environmental 

performance of ORC plants for such an application, its environmental assessment 

based on the Second Law of Thermodynamics is a vital research gap that is aimed to 

be bridged in this article. Specifically, two different ORC configurations are proposed 

and assessed using both the sustainability and environmental approaches derived 

from the Second Law. The first ORC configuration is a basic subcritical ORC without 

internal heat recuperation, named here as SUB ORC, while the second is a 

recuperative subcritical ORC plant tagged here as SUB-REGEN ORC. The tangential 

study objectives are: 
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• To quantify the exergo-environmental sustainability indices for a defined 

SUB ORC plant generating electricity from an abandoned oil well in Nigeria; 

• To quantify the exergo-environmental sustainability indices for a defined 

SUB-REGEN ORC plant; 

• To quantify the effects of incorporating an internal heat recuperator on the 

exergy-based environmental sustainability of the ORC plant for power 

production from an abandoned oil well. 

2 MATERIALS AND METHODS 

2.1 System Configurations 

Thermal energy content in an abandoned oil well was considered in this study 

as the heat source for electricity generation by an organic Rankine cycle (ORC) power 

plant. Specifically, a coaxial borehole heat exchanger (BHE) was plugged into the 

abandoned well for heat energy exploitation and connected to the ORC power plant 

through its evaporator and preheater. A numerical analysis of the BHE already 

established in the literature [33] was adopted in this study using as input parameters 

the geometrical features of a typical oil well already abandoned in the oil-rich Delta 

State of Nigeria [34].The main features of the BHE employed in this study are 

highlighted in Table 1. The temperature of the geothermal brine interfacing the ORC 

plant was determined from the simulation of the BHE in COMSOL as presented in 

[33], adapting the geometrical characteristics of the reference oil well. 

The ORC plants analyzed in this study assumed two configurations: a 

subcritical ORC plant without internal heat recuperation, tagged here as SUB ORC, 

and another one with heat recuperation, dubbed in this study as SUB-REGEN ORC. As 

aforementioned, the ORC plant, irrespective of the configuration assumed, received 

the residual thermal energy exploited from the abandoned oil well through the 

geothermal fluid. The geothermal brine enters the evaporator of the ORC plant and 

exchanges heat with the organic working fluid of the ORC and the remaining thermal 

content of the geothermal fluid is further exchanged with the ORC plant in the 

preheater before the brine is re-circulated in the oil well. The fluid R236fa was 

considered in this study as the ORC working medium. After it has been preheated 

and evaporated at high pressure by the geothermal brine, the high-temperature 
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R236fa vapor is expanded in the turbine (turbogenerator) for electrical power 

production. The expanded ORC working fluid, still in a vapor state, is then condensed 

back to liquid in the condenser for the non-recuperative ORC configuration (SUB ORC) 

by discharging its thermal energy to a heat sink. In the case of the recuperative ORC 

configuration (SUB-REGEN ORC), the heat of the expanded working fluid vapor is 

recovered internally within the cycle by the recuperator, for the initial preheating 

of the working fluid at the pump exit, after which the expanded vapor is condensed 

to a liquid. In both cases, the liquid working fluid leaving the condenser is pressurized 

in the pump to increase pressure from the lower to the upper cycle pressure, and 

the cycle repeats. Compressed air was considered as the heat sink in both cases due 

to the scarcity of water in the location of the abandoned oil well being exploited. 

The organic working fluid R236fa was selected based on its good thermal stability, 

low environmental impact, and ultimately its common application in practical ORC 

systems [35], [36], [37].The SUB ORC and SUB-REGEN ORC configurations are 

illustrated in Figure 1a and 1b. 
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Figure 1. The non-recuperative and recuperative ORC units. 

2.2 Exergetic Sustainability Analysis 

To assess the sustainability of energy systems from the exergy perspective 

[20], comprehensive exergy analysis is first required, which entails each component 

and the overall system satisfying the mass and energy balance equations mandated 

by the First Law of Thermodynamics and the exergy balance equation enforced by 

the Second Law, as expressed in equations 1, 2, and 3, respectively: 

∑ ṁ𝑖 = ∑ 𝑚̇𝑜                                                                 (𝟏) 

∑ ṁihi + Q̇ = ∑ ṁoho +  Ẇ                                                        (𝟐) 
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∑ ṁiei + Q̇ (1 −
𝑇𝑎

𝑇𝑐
) = ∑ ṁoeo + Ẇ +  İ                                               (𝟑) 

where T symbolizes the temperature at any given state, e symbolizes specific exergy, 

𝐼 ̇for any component denotes the rate of exergy destroyed, 𝑄̇ symbolizes heat flow, 

Ẇis the rate of workflow, h symbolizes enthalpy per unit mass, and ṁ is the rate of 

mass flow of the working fluid. 

All the parameters with subscript i account for the inlet flow into a component 

while those with o account for exit flows. The ambient parameters are symbolized 

by subscript a while those for the surface of the respective components are denoted 

by c. 

The potential exergy (epe), chemical exergy (ech), kinetic exergy (eke), and 

physical exergy (eph), are the four primary components that make up the specific 

exergy, fundamentally (T. J. Kotas, 1985). Analysis of most energy systems fixed in 

position do not include the kinetic and potential exergy components, and most 

systems without actual chemical reactions - like the ORC systems being studied 

herein - have zero chemical exergy. Therefore, the physical exergy sufficiently 

models the total exergy per unit mass herein, defined by: 

eph = (h-ha)- Ta(s-sa)                                                            (𝟒) 

where for each stream, defined by distinct thermal-fluid properties, s connotes 

entropy per unit mass. Table 1 reports, for the plants being investigated herein, the 

fundamental design elements. 

Table 1. Abandoned oil well and ORC basic design features. 

Abandoned oil well and BHE ORC unit 

Well head 4500 m Working fluid R236fa 
BHE tube radius 3.8 cm Heat sink Air 

BHE annulus radius 8.9 cm Net electrical power Optimized 
BHE thickness 1 cm Nominal input thermal power Decision variable 

Brine temperature 155oC Nominal HTF flow rate Decision variable 
  Isentropic efficiency - pump 0.80 
  Motor efficiency - pump 0.98 
  Isentropic efficiency - turbine 0.85 
  Electromechanical efficiency 0.92 

  
Mechanical efficiency – 

cooling fan 
0.60 

  
Pinch point temperature 

difference 
5 oC 
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2.3 Exergy-Based Sustainability Performance Metrics 

This study compared the two ORC configurations using four exergy-based 

sustainability indicators, which are explained below [38]. In any component k, 

product exergy (𝐸̇𝑃) to fuel exergy (𝐸̇𝐹) ratio defined the exergy efficiency (ηex). The 

net exergy used on the component defines its fuel exergy; on the other hand, the 

net exergy generated by the component is its product exergy. One of the 

fundamental propositions of the 2nd Law of Thermodynamics is that the useful 

energy (exergy) entering and exiting a component (k) cannot be equal because all 

real systems are irreversible, meaning that some exergy must be destroyed in the 

component. The fuel exergy and product exergy per unit mass have been defined for 

each of the components of the systems under investigation herein, as highlighted in 

Tables 2 for the SUB ORC and Table 3 for the SUB-REGEN ORC configurations. 

One popular performance indicator of exergy-based environmental 

sustainability of energy systems is the Exergy Sustainability Index (ESI), expressed 

by: 

𝐸𝑆𝐼 =
𝜂𝑒𝑥

1 − 𝜂𝑒𝑥
                                                               (𝟓) 

A component bears greater weight in the overall sustainability of the system 

the higher its ESI value. Conversely, a component's environmental impact increases 

with decreasing ESI value. Consequently, the Environmental Effect Factor (EEF), 

which is yet a common performance metric for exergy-based sustainability of a 

system, was calculated herein by inversing the ESI. 

To further enhance exergy-based sustainability, a different metric was 

employed to specify the amount of exergy losses and destruction in a particular 

component k that could be recovered. Here, it is known as the exergy-based 

improvement potential rate (IPR), and its computation is as follows:  

𝐼𝑃𝑅 = (1 − 𝜂𝑒𝑥)(𝐸̇𝐹 − 𝐸̇𝑃)                                                     (𝟔) 

The fourth metric, the Exergetic Recoverability Ratio (RECR), was defined for 

each component k as: 

𝑅𝐸𝐶𝑅 =
𝐼𝑃

𝐸̇𝐹

                                                                              (𝟕) 
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2.4 Exergo-Environmental Analysis 

The exergo-environmental approach combines life cycle assessment (LCA) and 

theoretical exergy principles to measure the environmental implications of 

irreversibility and the usable energy in and out of a system and accompanying 

components. Herein, the LCA approach was used in addition to the traditional exergy 

analysis, as previously mentioned, to evaluate the environmental effects of the 

various ORC components. These were then combined in accordance with the 

conventional exergo-environmental methodology's definition [22].  

The standard life cycle assessment approach, which consists of four major 

stages and is used to investigate the environmental impacts of a product or process 

over its entire life cycle, was applied to characterise the environmental impacts of 

the ORC plants [39]. The first stage involves defining the study goal and scope, as 

well as the effect categories, characterization elements, and boundary of analysis. 

A life cycle inventory study, which estimates all material and energy fluxes into and 

out of a component or system, is included in the second stage. Impact evaluations 

are conducted in the third stage with the use of suitable impact assessment 

techniques, many of which are integrated into Life Cycle Assessment (LCA) software. 

In the final step, the findings from the earlier phases are analysed to estimate the 

system’s environmental impact. 

Exergo-environmental analysis necessitates assigning environmental 

implications to each exergy stream for the system's individual components and as a 

whole. Thus, a point-based environmental impact method for energy streams is 

frequently employed in addition to objective and scope definition and inventory 

analysis based on the system model. The environmental impact of 

component/system streams was assigned in this study using the eco-indicator-99 (EI-

99) impact identifier. The EI-99 technique uses a hierarchical weighting system to 

create a single environmental index for processes and products, correlated with key 

harm aspects: natural resources, human health, and ecosystem quality [40]. The 

approach defines indices in millipoints (mPts) or points (Pts) for various processes 

and products, based on the LCA international standards. The more environmental 

harm a process or system component causes, the higher the EI-99 points that are 

awarded for that exergy stream or component. Following the assignment of 
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environmental impacts in points to system components/streams for the exergy-based 

Life Cycle Assessment (LCA) of the system, the exergo-environmental variables are 

computed. 

Meyer et al. [22], developed the exergo-environmental approach and 

suggested a balance equation that is similar to the exergoeconomic cost balance 

equation. Equations 8 and 9, which establish the component-level balancing 

equation, are the foundation of exergo-environmental analysis nowadays. 

∑ 𝐵𝑖 + 𝐵𝑞 + (𝑌 + 𝐵𝑃𝐹) = ∑ 𝐵𝑜 + 𝐵𝑤                                     (𝟖) 

∑ 𝑏𝑖𝐸𝑖 + 𝑏𝑞𝑄 + (𝑌 + 𝐵𝑃𝐹) = ∑ 𝑏𝑜𝐸𝑜 + 𝑏𝑤𝑊                               (𝟗) 

with B denoting environmental impact rate, obtainable by multiplying the 

environmental impact per unit mass of a stream (b, Pts/kWh) with its exergy rate 

(E, kW), subscripts q and w denote specific heat and work flow to and from a 

component, respectively, 𝐵𝑃𝐹symbolizes the contribution of pollutants formed in a 

component to its environmental impact rate, and aggregating the impact rates 

resulting from component’s construction 𝑌𝐶𝑂, maintenance/operation, 𝑌𝑂𝑀,and end-

of-life disposal, 𝑌𝐷𝐼, would yield Y (component’s environmental impact rate).Also, 

𝐵𝑃𝐹is defined for each component as: 

𝐵𝑃𝐹 = ∑ 𝑏𝑛
𝑃𝐹

𝑛

(𝑚̇𝑛,𝑜𝑢𝑡 − 𝑚̇𝑛,𝑖𝑛)                                                  (𝟏𝟎) 

with𝑏𝑛
𝑃𝐹

representing the environmental impact per unit mass emanating 

froma pollutant n produced by a component (Pts/kg), with 𝑚̇𝑛,𝑖𝑛 and 𝑚̇𝑛,𝑜𝑢𝑡denoting 

inlet and exit mass flow rates of the pollutant, respectively. 

The exergo-environmental balance equations for the SUB ORC and SUB-REGEN 

ORC components are equally defined respectively in Tables 2 and 3. Based on the 

weight and material composition of each component, the environmental 

consequences were computed in EI-99 points. Applying the inventory analysis and 

manufacturer specifications for the corresponding plant units, the ecoinvent 

database was utilised to calculate the weight and composition of the ORC 

components/sub-units[41], [42]. Auxiliary equations were defined using the product-

fuel (P-F) rule, supplemented by the environmental balance equations, to arrive at 

the definitions for environmental impact per unit mass (b) for the individual 
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thermodynamic streams of the system [43], highlighted also in Tables 2 and 3 for 

each of the ORC configurations being investigated. The final step involves setting up 

all the auxiliary and balance equations for all system components and solving them 

simultaneously, as a stream’s specific cost would be determined using the popular 

specific exergy costing (SPECO) method of exergoeconomic analysis [44]. 

2.5 Exergo-Environmental Evaluation Parameters 

The total exergo-environmental impact rate (BRT), exergo-environmental 

factor (fb), specific exergo-environmental impact relative difference (rb), exergo-

environmental impact per unit energy produced (EIE), exergo-environmental impact 

rate due to irreversibility in system component (𝐵̇𝐷), exergo-environmental impact 

per unit fuel consumed(bf), andthe exergo-environmental impact per unit product 

exergy (bp) were employed herein to compare the two ORC configurations. The 

appendix defines the previously described exergo-environmental evaluation 

parameters for any system component k. 

When the values for b have been determined for all thermodynamic streams, 

the P-F ruled aided the calculations of the exergo-environmental impact rates for 

fuel (𝐵𝑓,𝑘) and product (𝐵𝑝,𝑘). Once more, subtracting the fuel and product exergy 

rates for any component k would yield the irreversibility there in(𝐼𝑘). 

Table 2. SUB ORC components - definitions of fuel and product, exergo-

environmental rate balance, and auxiliary equations. 

Specific 
component/Abbre

viation 
Fuel exergy 

Product 
exergy 

Exergo-
environmental rate 
balance equation 

Auxiliary equation 

Evaporator (EVAP) 𝐸̇1 − 𝐸̇2 𝐸̇9 − 𝐸̇8 

𝐵̇1 + 𝐵̇8 + 𝑌̇𝐸𝑉𝐴𝑃

=  𝐵̇2 + 𝐵̇9 
 

𝑏1 = 𝑏2 = 0.0425 

Pt/kWh [45] 

ORC preheater 
(PRHT) 𝐸̇2 − 𝐸̇3 𝐸̇8 − 𝐸̇7 

𝐵̇2 + 𝐵̇7 + 𝑌̇𝑃𝑅𝐻𝑇

=  𝐵̇3 + 𝐵̇8 
 

𝑏2 = 𝑏3 

Condenser (COND) 𝐸̇10 − 𝐸̇6 + 𝑊̇𝐹𝐴𝑁 𝐸̇5 − 𝐸̇4 

𝐵̇10 + 𝐵̇4 + 𝐵̇𝑊,𝐹

+ 𝑌̇𝐶𝑂𝑁𝐷 = 𝐵̇5 + 𝐵̇6 
 

𝑏4 = 0; 𝑏10 = 𝑏6 

Pump (PUMP) 𝑊̇𝑃𝑈𝑀𝑃 𝐸̇7 − 𝐸̇6 
𝐵̇6 + 𝐵̇𝑤,𝑝 + 𝑌̇𝑃𝑈𝑀𝑃

= 𝐵̇7 

𝑏𝑤,𝑝 = 𝑏𝑤,𝑇 = 𝑏𝑤,𝐹 

 

Turbine (TURB) 𝐸̇9 − 𝐸̇10 𝑊̇𝑇𝑈𝑅𝐵 
𝐵̇9 + 𝑌̇𝑇𝑈𝑅𝐵

= 𝐵̇𝑤,𝑇 + 𝐵̇10 
𝑏9 = 𝑏10 
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Table 3. SUB-REGEN ORC components - definitions of fuel and product, exergo-

environmental rate balance, and auxiliary equations. 

Component 
(abbreviation) 

Fuel 
exergy 

Product 
exergy 

Exergo-
environmental 
rate balance 

equation 

Auxiliary 
equation 

Evaporator 
(EVAP) 

𝐸̇1 − 𝐸̇2 𝐸̇10 − 𝐸̇9 

𝐵̇1 + 𝐵̇9 + 𝑌̇𝐸𝑉𝐴𝑃

=  𝐵̇2 + 𝐵̇10 
 

𝑏1 = 𝑏2 = 0.0425 
Pt/kWh[45] 

ORC preheater 
(PRHT) 

𝐸̇2 − 𝐸̇3 𝐸̇9 − 𝐸̇8 

𝐵̇2 + 𝐵̇8 + 𝑌̇𝑃𝑅𝐻𝑇

=  𝐵̇3 + 𝐵̇9 
 

𝑏2 = 𝑏3 

Condenser 
(COND) 

𝐸̇12 − 𝐸̇6

+ 𝑊̇𝐹𝐴𝑁 
𝐸̇5 − 𝐸̇4 

𝐵̇12 + 𝐵̇4 + 𝐵̇𝑊,𝐹

+ 𝑌̇𝐶𝑂𝑁𝐷

= 𝐵̇5 + 𝐵̇6 
 

𝑏4 = 0; 𝑏12 = 𝑏6 

Pump (PUMP) 𝑊̇𝑃𝑈𝑀𝑃 𝐸̇7 − 𝐸̇6 
𝐵̇6 + 𝐵̇𝑤,𝑝

+ 𝑌̇𝑃𝑈𝑀𝑃 = 𝐵̇7 

𝑏𝑤,𝑝 = 𝑏𝑤,𝑇 = 𝑏𝑤,𝐹 

 

Recuperator 
(RECP) 

𝐸̇11 − 𝐸̇12 𝐸̇8 − 𝐸̇7 

𝐵̇11 + 𝐵̇7 + 𝑌̇𝑅𝐸𝐶𝑃

=  𝐵̇8 + 𝐵̇12 
 

𝑏11 = 𝑏12 

Turbine 
(TURB) 

𝐸̇10 − 𝐸̇11 𝑊̇𝑇𝑈𝑅𝐵 
𝐵̇10 + 𝑌̇𝑇𝑈𝑅𝐵

= 𝐵̇𝑤,𝑇 + 𝐵̇11 
𝑏11 = 𝑏10 

 

3 RESULTS AND DISCUSSION  

3.1 Results of Exergy-based Sustainability and Exergo-environmental 

Assessment for The Non-recuperative ORC Scheme 

The basic exergy and exergo-environmental properties obtained for each state 

of the SUB ORC configuration are highlighted in Table 4. The pressure and 

temperature parameters derived directly from the design of the ORC plant, leading 

also to the determination of the exergy rate. The specific exergo-environmental rate 

(b) values were obtained by solving simultaneously the exergo-environmental 

balance and auxiliary equations for all the system components as aforementioned. 

The multiple of b with the exergy rate at each thermodynamic state gave the exergo-

environmental rate (𝐵̇) following the model defined above in section 2. 
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Table 4. State exergy and exergo-environmental data for the SUB ORC 

configuration. 

Stream 
No 

Working substance 
Temperature 

(K) 
Pressure 

(MPa) 
Exergy 

rate (kW) 
b 

(Pt/kWh) 
𝑩̇ 

(Pt/h) 

1 Geothermal brine 428.15 0.84 2832.5 0.043 120.4 
2 Geothermal brine 400.50 0.84 1836.7 0.043 78.1 
3 Geothermal brine 325.03 0.84 165.8 0.043 7.0 
4 Air 298.15 0.1 0 0 0 
5 Air 303.15 0.1 5.0 8.835 44.2 
6 R236fa 303.15 0.32 1130.1 0.054 60.5 
7 R236fa 304.73 2.88 1269.6 0.059 75.3 
8 R236fa 392.84 2.88 2704.0 0.054 146.9 
9 R236fa 393.84 2.88 3561.0 0.054 190.7 
10 R236fa 317.56 0.32 1338.8 0.054 71.7 

 

The main parameters used for the exergetic sustainability assessments are 

highlighted in Table 5 for the SUB ORC components. As can be seen, the exergetic 

sustainability index is lowest in the condenser and highest in the evaporator. The 

low sustainability of the condenser is associated with high exergy destruction 

resulting from the use of air as the heat sink. The same reason can be given for the 

high environmental effect factor obtained in the condenser, which is again the worst 

among the ORC system components. It is however obtained that about 717 kW of the 

irreversibility in the condenser can be recovered, amounting to about 99% of the fuel 

exergy entering the component. For the components with a relatively higher 

sustainability index and lower environmental effect factor such as the evaporator, 

preheater, and turbine, results showed that only about 2% of irreversibilities could 

be recovered in each. Thus, the higher the ESI of a component, the lower its EEF, 

and the lesser the need for structural adjustment to it for the improvement of the 

overall ORC plant. 

Table 5. Results of exergy-based sustainability analysis results for the SUB 

ORC system.  

Component 𝑬̇𝒇 (kW) 𝑬̇𝒑 (kW) 𝑬̇𝑫 (kW) 𝜺 (%) ESI IPR (kW) EEF RECR 

Condenser 727.3 5.0 722.3 0.69 0.007 717.3 144.25 0.99 
Evaporator 995.8 856.9 138.9 86.06 6.17 19.4 0.16 0.02 

ORC reheater 1670.9 1434.5 236.4 85.85 6.07 33.5 0.16 0.02 
Pump 233.9 139.6 94.3 59.65 1.48 38.1 0.68 0.16 

Turbine 2222.2 1881.1 341.1 84.65 5.52 52.3 0.18 0.02 
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Similarly, the main exergo-environmental parameters are reported in Table 6 

for each component of the SUB ORC plant. As can be seen, the exergo-environmental 

impact rate due to irreversibility is highest in the condenser still, as would be 

expected, followed by the turbine, preheater, pump, and evaporator. Adding the 

exergo-environmental impacts resulting from the construction and operation of each 

of the components (𝒀̇) to those resulting from irreversibility gave the total exergo-

environmental rate (BRT). The values of 𝒀̇ for most of the components were obtained 

to be much lower relative to those of 𝑩̇𝑫, such that the position of each component 

on the 𝑩̇𝑫 column in Table 6 is almost the same as on the one for BRT, except in the 

turbine where the 𝑌̇is highest. Also, results showed that the condenser yielded the 

highest of about 39 exergo-environmental points for each MW of electricity 

generated by the ORC plant, while the pump yielded the least of about 5 points. 

Additionally, the exergo-environmental factor defined for the system components 

showed that environmental impacts due to component construction and pollutant 

emissions are insignificant in the condenser, turbine, and the pump, compared to 

impacts due to irreversibility. However, the environmental effects of construction 

should be reckoned with in the evaporator and preheater where the highest fb values 

were obtained at 19% and 5.6%, respectively. Additionally, the product exergy in the 

condenser contributes substantially to its exergo-environmental effect resulting in a 

very high value of rb. 

Table 6. Results of the exergo-environmental analysis for the SUB ORC 

system.  

Component 
bf 

(Pt/kWh) 
bp 

(Pt/kWh) 
𝑩̇𝑫 

(Pt/h) 
𝒀̇(Pt/h) 

BRT 
(Pt/h) 

EIE 
(Pts/kWh) 

fb (%) rb 

Condenser 0.061 8.84 43.69 0.24 43.93 0.039 0.55 145.0 
Evaporator 0.043 0.051 5.90 1.41 7.31 0.007 19.0 0.20 

ORC preheater 0.043 0.050 10.05 0.60 10.65 0.009 5.60 0.17 
Pump 0.063 0.11 5.97 0.003 5.97 0.005 0.051 0.68 

Turbine 0.054 0.063 18.26 0.08 18.34 0.016 0.41 0.18 

 

3.2 Results of The Exergy-based Sustainability and Exergo-environmental 

Analyses for The Recuperative ORC Scheme 

The parameters employed for the exergo-environmental analysis in this case 

are reported in Table 7 for each thermodynamic state of the SUB-REGEN ORC 
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configuration, obtained from design and resulting from the definitions given earlier 

for the featured parameters. It should be observed that the proximity in the design 

criteria employed for the SUB ORC and the SUB-REGEN ORC made Table 5 and Table 

7 quite similar. The main differences between the two tables are direct 

consequences of the introduction of an additional heat exchanger serving as the 

recuperator in the SUB-REGEN ORC configuration.   

Table 7. State exergy and exergo-environmental data for the SUB-REGEN 

ORC scheme. 

Stream 
No 

Working 
substance 

Temperature 
(K) 

Pressure 
(MPa) 

Exergy 
rate (kW) 

b 
(Pt/kWh) 

𝑩̇ (Pt/h) 

1 Geothermal brine 428.15 0.84 2832.5 0.043 120.4 
2 Geothermal brine 400.50 0.84 1836.7 0.043 78.0 
3 Geothermal brine 329.15 0.84 211.4 0.043 9.0 
4 Air 298.15 0.1 0 0 0 
5 Air 303.15 0.1 5.0 6.757 33.8 
6 R236fa 303.15 0.32 1130.1 0.054 60.6 
7 R236fa 304.73 2.88 1269.6 0.059 75.4 
8 R236fa 310.41 2.88 1285.4 0.060 77.5 
9 R236fa 392.84 2.88 2704.0 0.054 147.1 
10 R236fa 393.84 2.88 3561.0 0.054 190.9 
11 R236fa 317.56 0.32 1338.8 0.054 71.8 

 

The exergetic sustainability performance metrics are reported in Table 8 for 

the SUB-REGEN ORC components. Again, results showed that the ESI is lowest in the 

condenser at less than 1%, and of course with the highest EEF of about 110. However, 

about 98% of the fuel exergy destroyed in the condenser can be recovered, making 

it the main component to be focused on for the overall improvement of the ORC 

plant. The highest ESI is recorded in this case in the preheater, resulting also in the 

least EEF. Generally, the components of the SUB-REGEN ORC plant can be ranked in 

descending order of sustainability as Preheater, evaporator, turbine, recuperator, 

pump, and condenser.   
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Table 8. Results of the exergy-based sustainability analysis for the SUB-REGEN 

ORC system.  

Component 
𝑬̇𝒇 

(kW) 

𝑬̇𝒑 

(kW) 

𝑬̇𝑫 
(kW) 

𝜺 (%) ESI 
IPR 

(kW) 
EEF RECR 

Condenser 557.80 5.00 552.80 0.90 0.009 547.9 110.41 0.98 
Evaporator 995.8 856.9 138.9 86.06 6.171 19.4 0.16 0.02 

ORC preheater 1625.3 1418.6 206.6 87.29 6.865 26.3 0.15 0.02 
Pump 233.9 139.6 94.3 59.66 1.479 38.1 0.68 0.16 

Recuperator 25.5 15.8 9.7 61.97 1.630 3.7 0.61 0.14 

 

Furthermore, the exergo-environmental parameters are reported in Table 9 

for the SUB-REGEN ORC configuration. Again, the condenser contributed the most to 

the exergo-environmental impact of the ORC system due to high irreversibility 

therein, leading also to the highest BRT of 33.5 Pt/h. It is noteworthy that the least 

BRT of 1.2 Pt/h is recorded in the newly introduced component, the recuperator, 

signifying that its addition should not have an adverse environmental impact on the 

ORC plant. The highest exergo-environmental impact of about 26 points was obtained 

in the condenser for the ORC plant generating 1 MW of electrical energy, and the 

least of about 0.9 points was obtained in the recuperator. Additionally, the 

recuperator recorded the highest fb, implying that most of the little impacts it has 

on the environment resulted from the component's construction and might not be 

avoidable. In this regard, the pump and the condenser showed the worst exergo-

environmental factor values. Here too, the product exergy contributed substantially 

to the environmental effects of the condenser; the effects in all other components 

are due majorly to the fuel exergy. 

Table 9. Results of the exergo-environmental analysis for the SUBREGEN ORC 

system.  

Component 
bf 

(Pt/kWh) 
bp 

(Pt/kWh) 
𝑩̇𝑫 

(Pt/h) 
𝒀̇ 

(Pt/h) 

BRT 
(Pt/h) 

EIE 
(Pt/kWh) 

fb (%) rb 

Condenser 0.060 6.76 33.29 0.24 33.53 0.026 0.72 111.21 
Evaporator 0.043 0.051 5.90 1.41 7.31 0.006 19.31 0.20 

ORC preheater 0.043 0.049 8.78 0.60 9.38 0.007 6.40 0.16 
Pump 0.064 0.11 5.99 0.0030 5.99 0.005 0.051 0.68 

Recuperator 0.054 0.13 0.52 0.68 1.20 0.0009 56.53 1.41 
Turbine 0.054 0.064 18.44 0.076 18.51 0.014 0.041 0.18 
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3.3 Exergetic Sustainability Implications of The Integration of a 

Recuperator 

The main impacts of adopting a recuperative ORC configuration (SUB-REGEN 

ORC) over the non-recuperative one (SUB ORC) are reported in this section using 

selected exergetic sustainability and exergo-environmental parameters.  

The exergetic sustainability index (ESI) values are compared in Figure 2 for 

the SUB ORC and SUB-REGEN ORC configurations, at component and system levels. 

Results showed that a switch from the SUB ORC to the SUB-REGEN ORC would 

increase the ESI of the ORC plant by about 17%, from about 1.2 in the SUB ORC to 

around 1.4 in the SUB-REGEN ORC. As can be seen, the preheater is the main 

component that contributed to the increase in ESI for the SUB-REGEN ORC 

configuration, apart from the recuperator which is added entirely. The ESI is 

infinitesimally small in the condenser, the reason it is insignificant in Figure 2.  

 

Figure 2. Exergy sustainability index (ESI) comparison for the SUB ORC and 

SUB-REGEN ORC configurations. 

Also, the effects of introducing a recuperator on the recoverability ratio in 

the ORC components and the system as a whole are illustrated in Figure 3. Results 

showed that more opportunity exists for overall sustainability improvement in the 

SUB ORC system than in the SUB-REGEN ORC configuration. Specifically, the use of 
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the SUB-REGEN ORC configuration reduced RECR by about 7%, from about 0.45 to 

about 0.42. In this case, the effect is substantially due to the introduction of the 

recuperator which improved the exergetic performance of the SUB-REGEN ORC plant. 

As can be seen at the component level, the RECR values are almost the same for the 

two ORC configurations.   

 

Figure 3. Comparison of recoverability ratios (RECR) for the SUB ORC and SUB-

REGEN ORC configurations. 

Furthermore, Figure 4 shows the impacts of the switch from the SUB ORC to 

the SUB-REGEN ORC configurations on the EIE. Results showed that the 

environmental impact of electricity is improved by about 0.02 Pts/kWh in the SUB-

REGEN ORC configuration due to the improvement in the condenser and slightly in 

the evaporator, preheater, and turbine.  
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Figure 4. The environmental impact of electricity (EIE) comparison for the 

SUB ORC and SUB-REGEN ORC systems. 

Lastly, the implication of the results in Figure 5 is that the total exergo-

environmental rate can be reduced in the SUB-REGEN ORC plant by about 10 Pts/h, 

amounting to about a 13% decrease in the environmental impact. As can be seen, 

the introduction of the recuperator contributed very little to this effect; the 

condenser showed the highest reduction at the component level, followed by the 

preheater. The effects appear insignificant in the other system components. 

 

Figure 5. Comparison of total exergo-environmental rate (BRT) for the SUB 

ORC and SUB-REGEN ORC configurations. 
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4 CONCLUSIONS 

The possibilities of producing electricity with organic Rankine cycle (ORC) 

plants from residual thermal energy in abandoned oil wells were assessed in this 

study using exergy-based environmental sustainability performance metrics. A lot of 

previous studies had tipped the ORC to be techno-economically feasible for energy 

generation from abandoned oil wells, but the environmental performance of such 

systems is not feasible in the state-of-the-art. Thus, exergy-based sustainability and 

exergo-environmental approaches were used herein for performance comparison of 

non-recuperative (SUB ORC) and recuperative subcritical ORC (SUB-REGEN ORC) 

configurations for the aforementioned application. The design of the ORC plants was 

implemented in MATLAB by solving the mass, energy, and exergy balance equations 

imposed by the First and Second Laws of Thermodynamics. Furthermore, the exergy-

based sustainability and exergo-environmental performance metrics were assessed 

first for each of the two ORC configurations, followed by comparative analysis to 

substantiate the potential effects on the environment for choosing one ORC 

configuration over the other. The main results obtained from the study are: 

• For the SUB ORC, the condenser showed the lowest exergetic sustainability 

index of 0.007 due to high irreversibility, and the evaporator had the highest 

sustainability index of 6.17. However, about 99% of the irreversibility in the 

condenser can be recovered by structural optimization, while only about 2% 

is achievable in most of the other components. Additionally, the exergo-

environmental results showed that the condenser contributed the highest 

environmental impact to the SUB ORC plant at about 44 Pt/h, amounting to 

about 39 Pts for each 1 MW of electrical power the plant generates; 

• Also, for the SUB-REGEN ORC, the condenser had the highest exergetic 

sustainability index which has increased to 0.009, and the preheater recorded 

the highest sustainability index of about 6.9. For the exergo-environmental 

assessment, results showed that the impact of the condenser could be 

reduced to 33.5 Pt/h, amounting to about 26 Pt for 1 MW of electricity 

produced by the ORC plant; 

• The comparative analysis results showed that incorporating a recuperator 

into the ORC plant would increase the exergetic sustainability index of the 
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ORC plant by about 17%, from about 1.2 in the SUB ORC to around 1.4 in the 

SUB-REGEN ORC; and reduce RECR by about 7%, from about 0.45 in the SUB 

ORC to about 0.42 in the SUB-REGEN ORC; and improve the environmental 

impact of electricity by about 0.02 Pts/kWh; and reduce the overall exergo-

environmental impact rate by approximately 13%, from about 86 Pts/h in the 

SUB ORC to around 76 Pts/h in the SUB-REGEN ORC. 

In sum, the use of a recuperative ORC configuration would provide a more 

environmentally sustainable solution than a non-recuperative one, to produce 

electricity from abandoned oil wells. 
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NOMENCLATURE 

Symbols 

𝑹𝑬̇𝑫   relative destroyed exergy (irreversibility) 

ṁ   mass flow rate (kg/s) 

q̇   heat flux (W/m2) 

Ẇ   electrical power (kW) 

𝐵̇   exergo-environmental rate (€/h) 

𝐸̇   rate of exergy (kW) 

𝐼 ̇   rate of destroyed exergy (kW) 

𝑄̇   thermal power (kW) 
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b   specificexergo-environmental impact (Pt/kWh) 

e   specific exergy (kJ/kg) 

fb   exergo-environmental factor 

h   enthalpy (kJ/kg) 
int   interest rate 

MF   maintenance factor 

N   plant lifetime (years) 

s   entropy (kJ/kgK) 

SUB ORC  subcritical ORC without a recuperator 

SUB-REGEN ORC subcritical ORC with a recuperator 

T   temperature (°C) 
Y   environmental impact point  (Pt) 

 

Greek letters 

ε   exergetic (rational) efficiency 

δ   efficiency defect 

 

Subscripts 

i   inlet side 

o   outlet side 

 

Abbreviations 

ORC   organic Rankine cycle 

 

APPENDIX 

Definitions of exergo-environmental metrics employed in the study for a 

generic component k: 

𝑏𝑓,𝑘 =
𝐵𝑓,𝑘

𝐸𝑓,𝑘
       

𝑏𝑝,𝑘 =
𝐵𝑝,𝑘

𝐸𝑝,𝑘
       

𝐵𝐷,𝑘 = 𝑏𝑓,𝑘 × 𝐼𝑘       
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𝐵𝑅𝑇𝑘 = 𝐵𝐷,𝑘 + 𝑌𝑘       

𝑓𝑏,𝑘 =
𝑌𝑘

𝐵𝐼,𝑘+𝑌𝑘
       

𝑟𝑏,𝑘 =  
𝑏𝑝,𝑘−𝑏𝑓,𝑘

𝑏𝑓,𝑘
       

𝐸𝐼𝐸𝑘 =  
𝐵𝑅𝑇𝑘

𝑊̇𝑛𝑒𝑡
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1 INTRODUCTION 

Radioactive isotopes that have been present in the structure of the earth's 

crust since the formation of the earth and high-energy cosmic rays coming from space 

are the sources of natural radiation. Natural radioactive isotopes found in many 

environments such as soil, water, air, vegetation, foods and building materials cause 

external and internal irradiation of our body [1]. 

The first of the main components of the natural radiation in the environment 

is the radiation resulting from the decay of uranium, thorium series radionuclides 

and 40K, which have existed since the formation of the world. The second is cosmic 

radiation [2]. 

Living things on earth are exposed to radiation every day from natural 

radiation sources in the air, water, soil, and even within their own bodies, as well as 

artificial radiation sources produced by humans. While exposure from natural 

radiation sources is 80%, exposure from man-made radiation sources is 20% [3]. 

People spend most of their time in indoor environments. In this regard, the 

quality of the inhaled air is very important for human health. Along with beneficial 

gases such as nitrogen, oxygen and hydrogen, harmful gases are also present in the 

environment. Radon gas, formed as a result of the decay of uranium, is among the 

gases harmful to human health. Since 1960, as the knowledge that radon gas is 

concentrated in buildings and causes lung cancer has become widespread, research 

on determining radon concentration levels in indoor environments has gained 

importance and maps have been prepared to determine radon activity concentration 

levels. The Turkish Atomic Energy Agency (TAEK, today known as the Turkish Energy, 

Nuclear and Mining Research Council (TENMAK)) started working on this subject in 

1984, but the radon map of our country has not been completed yet [4]. In order to 

create a radon map, environmental radon activity concentration measurements are 

carried out in our country. 

Considering that people spend most of their time in closed environments in 

our country and that a large number of cancer diagnoses are made, the importance 

of determining indoor 222Rn gas concentrations for human health becomes evident. 

When the studies carried out in the world and in our country in recent years are 
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examined, it turns out that the biggest cause of lung cancer, especially after 

smoking, is 222Rn gas. Based on these studies, 3% to 14% of lung cancer cases are 

thought to be caused by 222Rn [5]. 

In this study, radon activity concentration levels in the air were determined 

in some offices located in the Bitlis Eren University Faculty of Science and Letters 

building. The results of the measurements and calculations were interpreted, taking 

into account the limits set by the literature and health organizations, and their 

effects on human health. 

2 MATERIAL AND METHODS 

2.1 Geological Formation of Bitlis 

Bitlis province is located in the Upper Murat-Van Section of the Eastern 

Anatolia Region. It is surrounded by the provinces of Ağrı and Muş in the north, Van 

in the east, Batman in the west, and Siirt in the south. Bitlis province consists of 7 

districts: the central district, Tatvan, Ahlat, Güroymak, Adilcevaz, Hizan and Mutki 

[6]. 

There are various stratigraphic sections throughout the Bitlis Metamorphic 

belt. No classification study has been carried out according to the acidity and 

alkalinity values of the rocks of Bitlis province. 

Bitlis' rock sequence; Pre-Devonian Lower Unit, Devonian-Upper Triassic Upper 

Unit, Guleman Group including meta-ophiolites, Kinzu Formation consisting of flysch 

type sediments and Paleocene-Lower Eocene aged Maden Group sediments are 

distinguished [7]. 

In some places within the Upper Unit in the Bitlis rock sequence, there are 

Mesozoic-Tertiary aged greenstone blocks at faulted contacts with phyllite and 

pelitic schists. Lateral discontinuity and blocky appearance of durable units such as 

limestone and quartzite in this unity are observed in many places. The existence of 

two units, whose relations are regulated by tectonic events, has been shown in the 

complex structured mass called Bitlis massif [8]. 
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2.2 Geological Formation of Rahova  

Rahva plain is located in the Upper Euphrates Section of the Eastern Anatolia 

Region. This plain, which is within the borders of Bitlis province; It has the feature 

of a water division line separating the Euphrates, Tigris and Van Lake basins from 

each other. In other words, Rahva is a threshold area that determines the common 

boundaries of three hydrographic basins. 

In the parts of the Rahva plain close to the Bitlis Mountains, the valleys are 

buried deeper. The rocks cropping out along the valleys consist of trachyandesitic 

tuffs and ignimbrites. The volcanics that make up the plain are listed as brownish-

red tuff (also called poorly welded ignimbrite) at the top, gray-brown ash below, and 

light-colored, well-welded trachyandesitic ignimbrite at the bottom, respectively. 

Rahva plain is a threshold area between the metamorphic Bitlis old mass and 

the Nemrut volcano formed as a result of Plio-Quaternary volcanism. While the basic 

formations of this area consist of schists and recrystallized limestones, the sections 

close to the surface consist entirely of volcanic formations [9]. 

2.3 Determination of Radon in Air with AlphaGuard 

AlphaGUARD PQ 2000PRO, used in Radon measurements, is a portable 

radiation detector used to measure the radiation intensities and Gamma (γ) dose 

rate of Radon (Radon-222), Radon-220 (Thoron) and Radon by-products. AlphaGUARD 

can make radiation measurements in air, water, soil and building materials. 

Measurement results; AlphaGUARD detector, which gives Bq (Becquerel) per volume, 

that is, Bq/m3, can simultaneously measure three different climatic parameters such 

as temperature, atmospheric pressure and humidity [10]. 

The AlphaGUARD Radon detector draws air into the detector ionization 

chamber with the help of a suction pump integrated into the measurement unit. 

222Rn and 220Rn isotopes entering the ionization chamber as a result of absorption 

decay and create electrical signals by causing ionization in the chamber. During this 

continuous absorption, Radon byproducts are retained by a plate-shaped filter, and 

the alpha activity of Radon daughter products accumulated on the filter plate is 

measured by the alpha-sensitive TN-WL-02 microchip module, which is a sensitive 

digital processor module placed on the other side of the filter plate. The electrical 



BITLIS EREN UNIVERSITY JOURNAL OF SCIENCE AND TECHNOLOGY 14(2), 2024, 103–118 

107 

signals obtained from all measurements are sent as a TTL signal to the Counter-

Module counter unit of the AlphaGUARD PQ 2000PRO and are converted into readable 

data by the software using the calibration information of the detector [10]. 

The software package (DataEXPERT) developed for AlphaGUARD was used to 

graphically process, develop, archive and present the received data in a virtual 

environment. 

There is no need for additional equipment with the detector to measure radon 

concentration in air. On the AlphaGUARD device, '10 min DIFFUSION' was selected as 

the measurement mode. The detector was positioned approximately 1.5-2 m above 

the ground in the working environment. The AlphaGUARD radon detector draws air 

into the detector ionization chamber with the help of a suction pump integrated into 

the measurement unit. Measurements were made for 24 hours for each study area in 

order to observe the transitions between day and night and the effect of ventilation 

on the radon concentration in the environment. In order to make scientific 

interpretations of the data stored during the measurement, AlphaGUARD was 

connected to the computer and worked with data analysis software (DataEXPERT) 

[10]. 

2.4 Annual effective dose equivalent (AEDE) 

Quantification of the effects of ionizing radiation to which humans are 

exposed from air, water and food sources is carried out by calculating the physical 

quantity called the annual effective dose. The dose exposed over a period of 1 year 

is defined as the annual effective dose. Annual effective dose equivalent calculation 

was made using the following Equation 1 [11], [12]; 

 𝐴𝐸𝐷𝐸(𝑆𝑣 𝑦⁄ ) = 𝐴𝑅𝑛 × 𝐷𝑃 × 𝐸𝐸𝐶𝐶 × 𝑇 (1) 

AEDE; annual effective dose equivalent (mSv/y), DP; balance factor between 

radon and its decay products (0.4), EECC; equilibrium equivalent concentration 

coefficient (9 x 10-9 (Sv/hour)/(Bq/m3)), T; total working day hours in 2020 (6,000 

hours/year). 
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2.5 Excess lifetime cancer risk (ELCR) 

ELCR is a reasonable upper bound estimate of a person's probability of 

developing cancer sometime in their life after any radiation exposure [13], [14]. 

Excess lifetime cancer risk calculation was made using the following Equation 2 [11], 

[12]; 

 𝐸𝐿𝐶𝑅 = 𝐴𝐸𝐷𝐸 × 𝐿𝐸 × 𝐹𝑅𝐹 (2) 

LE; life expectancy of people (70 years), FRF; fatal risk factor stated in the 

ICRP report (0.057 Sv-1) [15]. 

3 RESULTS 

In this study; 222Rn concentration in the air, temperature, pressure and 

relative humidity measurements were made in the Bitlis Eren University Faculty of 

Science and Letters building. The radon measurement results obtained using the 

AlphaGUARD active radon measurement device were analysed using the DataEXPERT 

software for spectrum analysis. Sample graphs of the measurements made are shown 

in Figure 1. 
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Figure 1. Sample graphs of measurements taken from the faculty building (a: 222Rn activity concentration, b: temperature, c: 

pressure, d: relative humidity). 
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Figure 2. (Continuous) Sample graphs of measurements taken from the faculty building (a: 222Rn activity concentration, b: 

temperature, c: pressure, d: relative humidity). 
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Table 1. Radon activity concentration in the air and some atmospheric data of the measured rooms in the Faculty of Science 

and Letters building. 

Measure 

No  
Starting 

date/time 

End 

date/time 

222Radon 

(Bq/m3) 

Temperature 

(0C) 

Pressure 

(mbar) 

Humidity  

(% rH) 
AEDE (mSv/y) 

ELCR 

x 10-3 

1 
Ground 

Room 1 

18.11.2020/

16.00 

19.11.2020/

16.00 
34 ± 12 24.2 814 29.0 0.734 2.930 

2 
Ground 
Room 2 

19.11.2020/
16.05 

20.11.2020/
16.05 

30 ± 11 24.6 818 28.3 0.648 2.586 

3 Ground 
Room 3 

20.11.2020/
16.07 

21.11.2020/
16.07 

31 ± 11  24.0 810 28.2 0.670 2.672 

4 Floor 1 

Room 1 

16.11.2020/

15.50 

17.11.2020/

15.50 
29 ± 11  25.8 815 31.8 0.626 2.499 

5 Floor 1 

Room 2 

17.11.2020/

15.55 

18.11.2020/

15.55 
8 ± 5  24.8 824 26.4 0.173 0.690 

6 Floor 1 
Room 3 

23.11.2020/
13.30 

24.11.2020/
13.30 

30 ± 11  24.7 823 30.9 0.648 2.586 

7 Floor 2 
Room 1 

24.11.2020/
13.35 

25.11.2020/
13.35 

23 ± 9  24.8 826 20.0 0.497 1.982 

8 Floor 2 
Room 2 

26.11.2020/
13.50 

27.11.2020/
13.50 

47 ± 12  27.2 819 20.9 1.015 4.051 

9 Floor 2 

Room 3 

27.11.2020/

13.55 

28.11.2020/

13.55 
25 ± 10  26.8 825 22.7 0.540 2.155 

10 Floor 3 

Room 1 

30.11.2020/

13.10 

01.12.2020/

13.10 
51 ± 15  25.2 821 25.6 1.102 4.395 

11 Floor 3 
Room 2 

07.12.2020/
14.20 

08.12.2020/
14.20 

25 ± 10  22.7 821 30.3 0.540 2.155 

12 Floor 3 
Room 3 

08.12.2020/
14.25 

09.12.2020/
14.25 

33 ± 13  23.9 821 29.0 0.713 2.844 

13 Floor 4 
Room 1 

09.12.2020/
14.30  

10.12.2020/
14.30 

43 ± 11  23.7 822 28.4 0.929 3.706 

14 Floor 4 
Room 2 

15.12.2020/
13.30  

16.12.2020/
13.30 

106 ± 14  24.5 817 29.9 2.290 9.136 

15 Floor 4 

Room 3 

16.12.2020/

13.50  

17.12.2020/

13.50 
102 ± 16  22.5 819 35.3 2.203 8.791 

 Average   41.13 ± 11  24.6 819.7 27.8 0.889 3.545 
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Figure 2. Display of radon activity concentration and some atmospheric data. 

 

When Table 1 and Figure 2 are examined; 222Rn activity concentration between 

8 (1st floor) and 106 (4th floor) Bq/m3, temperature values between 22.5 and 27.2 

0C, pressure values between 810 and 826 mbar, relative humidity values between 

20.0 and 35.3 %rH appears to have changed. 

The rooms where measurements are made are generally working offices where 

air circulation is available. Since the offices are closed in the evenings, average 

values of 24-hours measurements were read from the measuring device. 

When examining the variation of radon measurement values according to 

floors, it was generally observed that the radon activity concentration values 
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measured on the same floors were approximately similar. The 4th (measure in the 

Floor 1/Room 1) and 5th (measure in the Floor 1/Room 1) radon activity concentration 

measurements were taken from different study rooms on the same floor. However, 

it was noted that there was a significant difference between these two 

measurements. The reason for the 5th measurement being much lower than the 4th 

could be due to extensive ventilation in the room. Upon detailed examination of the 

rooms in terms of physical and many other factors, it was found that there were no 

factors (other than ventilation) that could account for this difference. 

The radon activity concentration values of measurements 14 and 15 are 

observed to be significantly higher than those of the other measurements. These 

measurements were taken in the offices located on the fourth floor of the building. 

Similar studies in the literature have shown that indoor radon activity concentration 

values decrease as you move from the ground floor to the upper floors [16], [17]. 

This study was conducted during the pandemic period (2020-2021). During this time, 

schools were closed, and/or remote education was being conducted. As a result, 

many offices remained closed for weeks and were not ventilated. The offices where 

measurements 14 and 15 were taken were among these and were not ventilated for 

a long period. During the winter months, the indoor air being warmer than the 

outdoor air can create low pressure inside the building, increasing the radon activity 

concentration [16], [17]. The lack of ventilation for an extended period during that 

time may have caused these measurements to be significantly higher than the others. 

Radon activity concentration varies regionally because the main source of 

radon is uranium. Because; Limit values of radon activity concentration also vary 

between countries. The limit value is accepted as 200 Bq/m3 in the UK, 400 Bq/m3 

in European countries, and 800 Bq/m3 in Canada. Within the framework of the 

International Atomic Energy Agency Essential Safety Standards (IAEA-BSS), 

recommended levels for radon in homes are determined as 200-600 Bq/m3. According 

to the Atomic Energy Authority Radiation Safety Regulation in Turkey, the allowed 

limit value for homes is 400 Bq/m3 and for workplaces it is 1000 Bq/m3 [18]. 
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Table 2. Radon activity concentration values of some similar studies. 

Location Average Radon-222 
(Bq/m3) 

References 

Isparta (faculty buildings) 220 [19] 
İstanbul (school buildings) 125.06 [20] 
Nevşehir (school buildings) 67 [21] 
İstanbul (faculty buildings) 24.6 [22] 
İstanbul (faculty buildings) 14.47 [23] 
Kastamonu (school buildings) 28.43 [10] 
Kırklareli (faculty buildings) 16.78 [17] 
This study 41.13  

 

According to the standards set by Turkish Energy, Nuclear and Mineral 

Research Agency (TENMAK) and various organizations in other countries and the 

results of similar studies conducted in our country (Table 2), it is seen that the results 

obtained in this study (average radon activity concentration 41.13 Bq/m3) are below 

the permissible limits and the results of similar studies. 
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Figure 3. Display of annual effective dose equivalent and excess lifetime 

cancer risk. 

 

When Table 1 and Figure 3 are examined; annual effective dose equivalent 

(AEDE) between 0.173 (1st floor) and 2.290 (4th floor) mSv/y, excess lifetime cancer 

risk (ELCR) values between 0.692 and 9.136 appears to have changed. 

According to TENMAK, the external irradiation dose originating from the earth 

(inside the building) is 0.41 mSv/y, depending on the mixture of soil and building 

materials. In addition to this value, the respiratory irradiation dose depending on the 

radon gas concentration is 1.15 mSv/y. Depending on both factors in the office rooms 
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where measurements are taken, the total dose (limit value) is calculated as 1.56 

mSv/y. 

It is seen that AEDE values in offices 2 (2.290 mSv/y) and 3 (2.203 mSv/y) on 

the 4th floor of the faculty building are above the 1.56 mSv/y limit value. The 

average value of AEDE was calculated as 0.889 mSv/y. The average value is below 

the limit value and the calculated values are generally found to be risk-free. When 

ELCR values are examined, it is seen that the overall risk of cancer is not high. 

4 CONCLUSION 

It was determined that the radon-222 activity concentration level (average 

41.13 Bq/m3) measured in the Bitlis Eren University Faculty of Science and Letters 

building was below the limit values determined both in our country and in other 

countries. Since the measured radon activity concentration values are below the 

limit values, it shows that there is no risk to health. Radon activity concentration 

values were determined by measuring on various floors of the faculty building. 

According to the measured results, it was determined that the radon activity 

concentration value did not change depending on the floors. According to this study, 

it was observed that radon activity concentration values were not affected much by 

atmospheric parameters such as temperature, pressure and relative humidity. 

It was observed that AEDE values were not alarming considering the limit value 

(1.56 mSv/y). However, it can be said that ELCR values do not pose a risk. 

Ventilating offices periodically will reduce the radon gas that naturally 

accumulates in the office, and in this way, an important precaution will be taken in 

terms of health. 
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