Santosh Dhubia 
  
Uday Kiran 
  
Komalika Surada 
  
Chintan Prajapati 
  
K Ramachandran 
  
P H Rao 
  
A Review of Geothermal Energy in India and Assessment of Conceptualized Enhanced Geothermal Systems in the Cambay Basin, Gujarat, India

Keywords: Cambay Basin, Geothermal Energy, Enhanced Geothermal Systems, Geothermal Gradient, Renewable Energy

Heat, fluid, and permeability are crucial elements in a Geothermal system designed for electricity generation. However, underground rocks inherently possess high temperatures coupled with low permeability. To overcome this, injecting fluid into the reservoir enhances heat energy and permeability, allowing for fluid circulation through non-fractured hot rock and facilitating electricity generation through the implementation of Enhanced Geothermal Systems (EGS). This paper presents an analysis of various case studies focused on EGS. A study was carried out with information from borehole temperature from Kadi, Nawagam, Kathana, and Tarapur Low in the Cambay Basin, India, to assess the Geothermal potential of these regions. It was observed that Geothermal gradients ranging from 53°C/Km to 29°C/Km, with the majority of wells exceeding 35°C/Km. Areas with Geothermal gradients surpassing 40°C/KM are identified as prospective for Geothermal energy generation, particularly in the Tarapur and Vadatal fields. These areas exhibit significant potential for Geothermal resources using the Hot Dry Rock (HDR) extraction method. A preliminary economic analysis estimates the Levelized Cost of Electricity (LCOE) to range between 10.1 cents/kWh and 15.7 cents/kWh. This estimation encompasses the expenses related to drilling two wells, as well as capital expenditures (CAPEX) and operational expenditures (OPEX). This study provides a comprehensive understanding of Geothermal energy in India and outlines the potential of Enhanced Geothermal Systems in the Cambay Basin of Gujarat, accompanied by a cost-benefit analysis.

Introduction

The global energy landscape is undergoing a transformative shift, driven by the escalating demand for energy and the pressing environmental concerns associated with fossil fuel consumption. As delineated in the World Energy Outlook report by the International Energy Agency (IEA) 2019, there is an urgent pivot towards sustainable energy sources. Among various renewable energy alternatives like solar, wind, and hydropower, Geothermal energy emerges as a promising contender due to its potential for carbon emission-free energy production, tapping into the Earth's consistent heat flow.

Enhanced Geothermal Systems (EGS) are increasingly recognized for their dependable, allseason energy provision. The International Energy Agency predicts that by the year 2050, a considerable share of about 3% to 4% the global electricity supply will come from geothermal sources, emphasizing its escalating role in the arena of renewable energy. The innovative use of retrofitting heat exchangers to abandoned oil wells is another promising area for Geothermal energy. This approach, especially in regions with relatively low temperatures, facilitates power generation using Binary cycle technology. The primary advantage here is the elimination of the need for new drilling operations, substantially reducing the capital expenditure associated with Geothermal extraction.

In the Cambay Basin, we have conducted borehole temperature studies, which indicates Geothermal gradients ranging between 29°C/KM and 53°C/KM, with many wells exceeding 35°C/KM, indicating the basin's substantial Geothermal energy potential.

In summary, the global shift towards renewable energy sources, coupled with the potential of EGS and innovative approaches like retrofitting heat exchangers in abandoned oil wells, pave the way for significant advancements in Geothermal energy. The Cambay Basin, with its favourable Geothermal gradients, stands as a testament to these possibilities and serves as a focal point for further exploration and development in the field of Geothermal Energy. This study focused on the discussion of Geothermal Energy potential in the Cambay basin of the Gujarat in India.

Geothermal Energy

Geothermal energy, deriving its power from the Earth's subsurface heat (Blodgett and Slack, 2009). This process ensures an inexhaustible energy supply, estimated to be equivalent to 44.2 TWth, which exceeds double the global primary energy consumption in 2015 [START_REF] Pollack | Heat flow from the Earth's interior: analysis of the global data set[END_REF]EIA, 2017a).

Geothermal flux at the Earth's crust varies as a function of geographic locality and geologic structure. Regions characterized by tectonic dynamism typically exhibit pronounced geothermal gradients, rendering them optimal for the harnessing of geothermal resources. In the context of evolving global environmental objectives that prioritize sustainable methodologies, the prominence of geothermal energy is on the rise. Projections by the International Energy Agency suggest that by the mid-21st century, geothermal energy, with Enhanced Geothermal Systems (EGS) playing a crucial role, will constitute a significant fraction of both global electricity output and overall thermal energy production.

The development of Geothermal Energy has been significantly influenced by research and collaborations. As early as 1978, [START_REF] Oppenheimer | International Programs and Agreements in Geothermal Energy[END_REF] highlighted the importance of global cooperation in Geothermal energy exploration and development. [START_REF] Barbier | Geothermal energy technology and current status: an overview[END_REF] provided a detailed overview of Geothermal energy technology, covering the internal structure of the Earth, heat transfer mechanisms, exploration methods, and the environmental impact of Geothermal exploitation. This comprehensive review underscores Geothermal energy's significant role in the global energy mix and its sustainability potential. Different countries have approached Geothermal energy development in diverse ways. Kong Xiangju (2014) examined the status of China's Geothermal industry, identifying both challenges and development potential. This study highlighted the necessity of international cooperation for advancing China's Geothermal sector. Similarly, [START_REF] Hreinsson | Geothermal development and forecasting for space heating and electricity generation[END_REF] discussed the extensive use of Geothermal energy in Iceland, especially for space heating and electricity generation, showcasing how Geothermal energy has been integrated into Iceland's national energy strategy. In the Middle East, a region traditionally known for its oil reserves, Geothermal energy potential remains largely untapped. Amoatey et al. (2021) conducted a critical assessment of the Geothermal energy potential in thirteen Middle Eastern countries, revealing that most oil-rich nations in the region have not fully explored their Geothermal resources, suggesting a significant untapped potential for sustainable energy production.

Advanced Geothermal technologies, such as Enhanced Geothermal Systems (EGS), have also received considerable attention. Falcone et al. (2018) analyzed both conventional and unconventional deep Geothermal well concepts, emphasizing the need for sustainable well designs and the importance of advanced production technologies for optimizing Geothermal energy production.

Hydrothermal resources and EGS both offer avenues for Geothermal exploitation. While hydrothermal resources utilize naturally heated water sources, EGS artificially creates permeability in rocks to harness thermal energy. EGS/HDR technology, employing binary-cycle technology, promises minimal GHG emissions but faces higher capital costs compared to other renewables. Geothermal energy, especially through EGS, offers a sustainable, albeit currently more expensive, alternative to traditional energy sources. Its role in meeting future energy demands and environmental targets is significant, as highlighted by various international energy agencies and research bodies. Ongoing R&D initiatives aim to reduce the costs and increase the feasibility of EGS, potentially making it a more competitive option in the renewable energy sector. 

Geothermal Energy in India

India's Geothermal resources, shaped predominantly by its tectonic activities, present significant potential for sustainable energy production. The Geological Survey of India (GSI) estimates the country's Geothermal potential, primarily based on hydrothermal systems, at around 10 GW (Ministry of New and Renewable Energy). This potential is distributed across various Geothermal provinces, as depicted in Figure 2, which is a modified version of the map by Chandrasekharam, D., & Chandrasekhar, V. (2000). Key Geothermal zones include the Himalayan region, stretching from Puga in Jammu & Kashmir to Takshing in Arunachal Pradesh. This region is characterized by its unique tectonic setting, offering substantial Geothermal potential. Similarly, the Son-Narmada lineament in Central India and the hot springs along the West Coast further contribute to India's Geothermal landscape.

Geothermal exploration in India, although still in its nascent stage, has shown promising potential in various regions, as highlighted by several studies. [START_REF] Guha | Status of exploration for geothermal resources in India[END_REF] pointed out that areas like Puga and Tattapani are particularly promising, with highenthalpy resources suitable for electricity generation through binary cycles. The exploration techniques employed in India have been diverse, as outlined by [START_REF] Shah | Overview of Geothermal Surface Exploration Methods[END_REF]. These include remote sensing, geochemical analysis, and various geophysical methods such as magnetotellurics, gravity, magnetic, and seismic methods. Yadav and Sircar (2021) reviewed the Geothermal provinces in India, categorizing hot springs based on their tectonic features. Similarly, [START_REF] Sircar | Geothermal exploration in Gujarat: case study from Dholera[END_REF] conducted an exploration study in the Dholera region of Gujarat, using geoscientific data like gravity surveys and magnetotelluric (MT) surveys. This study identified Dholera as a potential site for Geothermal Energy Exploration and Exploitation.

Research has also focused on specific Geothermal fields, such as the Bakreswar Geothermal field in Eastern India. [START_REF] Chaudhuri | Exploration of geothermal activity using time series analysis of subsurface gases data from Bakreswar hot springs area, eastern India[END_REF] employed geochemical and geophysical techniques to assess its power harnessing capabilities, indicating a methodical approach to evaluate Geothermal resources. Furthermore, Rawat and Kesari (2018) discussed the Geothermal potential in the north-western Himalayas, post the 1970s oil crisis, highlighting the significant untapped potential for sustainable energy generation.

The advancements in Geothermal heating and cooling systems in India have been reviewed by [START_REF] Dhepe | A Review of the Advancements in Geothermal Heating and Cooling System[END_REF], emphasizing the benefits of these systems in the HVAC industry. Moreover, Jha and Puppala (2019) assessed Geothermal reservoir temperatures and energy fields based on resistivity data, particularly in the Puga area. Innovative approaches such as laser-induced breakdown spectroscopy (LIBS), coupled with principal component analysis, have also been used for soil analysis in Geothermal areas, as demonstrated by Chatterjee et al. (2019) in the Manuguru Geothermal area. This technique provided insights into the elemental composition of soils near thermal waters, aiding in Geothermal exploration.

In Gujarat, the Geothermal landscape is exemplified by the Unai spring, with temperatures reaching 70°C. Beyond Unai, over 17 locations, including Dholera, Gandhar, and Tulsishyam, have been identified as potential hot water spring sites, indicating the widespread nature of Geothermal resources across the state.

However, the exploitation of these resources is not without challenges. Technological, financial, and infrastructural barriers need to be addressed to fully harness India's Geothermal potential. Ongoing research and exploration, supported by governmental initiatives and international collaborations, are crucial in overcoming these challenges and realizing the full potential of Geothermal energy in India. The Cambay Basin, known for its prolific Oil and Gas production, presents significant opportunities for Geothermal Energy exploitation through Enhanced Geothermal Systems (EGS). Drawing parallels with China's Daqing Oilfield, the Cambay Basin's abandoned oil wells offer an existing infrastructure for Geothermal energy extraction. Fields within the basin, particularly those with Hot Dry Rock resources and Geothermal gradients exceeding 40°C/km, are identified as promising for Geothermal Energy generation.

We have analyzed the information available from well locations in Cambay Basin focused on fields near Tarapur low. This study revealed Geothermal gradients ranging between 29°C/Km and 53°C/Km, with most wells exhibiting gradients higher than 35°C/Km. It also indicates relatively higher temperature zones in the Tarapur low, suggesting substantial potential for Geothermal energy resources using HDR extraction methods. The study's findings underscore the feasibility of utilizing abandoned oil wells for Geothermal energy generation, marking a significant step towards sustainable energy solutions in India.

EGS Preliminary Economic Analysis in Cambay Basin

An analysis was carried out using information from several wells in the Tarapur Low of the Cambay basin. The results revealed temperatures reaching 160°C at depths ranging from approximately 2500m to 2600m (MD) in the studied area. In a global context, Aghahosseini & Breyer, 2020 studied global estimate of EGS potential provides assessment of the theoretical, technical, optimal economic, and sustainable potential of EGS worldwide. Lepillier, 2020 perform a study on fracture-controlled EGS in the Trans-Mexican-Volcanic-Belt with insights into EGS stimulation processes.

An analysis in the Cambay Basin, revealing high temperatures at significant depths was performed. An economic assessment was carried out using the Geophires tool, which was instrumental in the MIT-EGS model for the "Future of Geothermal Energy" study by Tester et al. (2006). The more recent Geophires V2.0 model was employed for this evaluation. To understand the impact of Bottom Hole Temperature (BHT) and flow rate, various scenarios were examined, each involving a single injector and a single producer. The Key parameters for cost-benefit analysis of Enhanced Geothermal systems are shown in Table 1 The tool has provision of exploration cost to perform analysis like Geological and Geophysical (G&G) analysis, reservoir simulation, and surface facilities analysis which is around 4-6 M$. An escalation of 10% is also considered in wells drilling and completion and associated costs for analysis. Exploration and reservoir simulation costs are also escalated by 10%. Cambay Basin has sufficient G&G data for analysis from Oil and Gas Exploration activities for Geothermal energy assessment and exploitation. Hence a similar analysis for LCOE is performed with a lower exploration cost of ~2 M$. Among all the four cases, Case-4 stands out by offering the highest electricity generation at 2.54 MWe, even though it's Capex is lower as compared to Case-1. Lower LCOE for case-4 highlights the significance of flow rate, well design, and geological conditions in Geothermal energy exploitation. In the case of exploration cost of 2M$ the LCOE reduced to 10.1 Cents/kWh for Case-4.

Given the potential savings or reduction in drilling costs for abandoned oil and gas wells, a similar analysis can be performed with actual wellbore conditions. Based on the electricity generation insights from the above evaluation, further studies can be conducted for geological assessment to identify the prime locations, or "sweet spots," within the Tarapur Low of the Cambay basin for Geothermal Energy.

Conclusions

The Enhanced Geothermal System (EGS) represents a transformative avenue for sustainable energy sources. The Cambay Basin, a prominent commercial hub for Oil and Gas production in India, has seen a shift towards Geothermal exploration through EGS, utilizing numerous abandoned wells. Borehole temperature studies conducted in this study in the Cambay Basin revealed a Geothermal Gradient with temperatures exceeding 35°C/Km in several wells, indicating substantial Hot Dry Rock Sources and establishing the Basin's vast Geothermal energy potential.

An innovative approach lies in retrofitting heat exchangers to these abandoned oil wells, particularly focusing on the Cambay Basin. This strategy, essential for Geothermal energy extraction, is especially noteworthy in regions with lower temperatures. It demonstrates the feasibility of power generation through Binary cycle technology, eliminating the need for new drilling and reducing capital expenditures. Analysis and preliminary economic appraisal studies, utilizing the Geophires tool for various wells, have yielded promising results. This underscores the economic viability of Geothermal energy projects in this region. Positioned strategically, it has the potential to make a substantial contribution to future sustainable energy requirements. The proposed geological assessment in this area of the Cambay Basin aims to identify optimal locations for Geothermal Energy extraction, leveraging the existing infrastructure of abandoned oil wells.
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 1 Figure 1: Top 10 countries with Geothermal Energy production (Source: https://www.thinkgeoenergy.com/thinkgeoenergys-top-10-geothermalcountries-2022-power-generation-capacity-mw/)

  Chatterjee et al. (2019) applied multicomponent geothermometry in the Manuguru Geothermal area, located in Telangana, indicating the potential of this methodology in medium-enthalpy Geothermal systems. Another study by Maji et al. (2020) on the Bakreswar Geothermal area used mathematical calculations related to radioactive disintegration to estimate the Geothermal potential, suggesting the installation of a Kalina cycle-based binary power plant. Awasthi et al. (2019) analyzed the status and future prospects of Geothermal power in India, emphasizing its role in meeting the country's growing energy demand. The study highlighted the potential of the Puga Valley in Ladakh as a prime candidate for Geothermal development. Additionally, Sharma and Singh (2012) explored the use of the magnetotelluric technique in the Tattapani Geothermal Field for electricity generation, showcasing the potential of this method in identifying Geothermal reservoirs.
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 2 Figure 2: Geothermal Map of India (modified after Chandrasekharam, D., & Chandrasekhar, V. (2000))

Table 1 : Key Parameters for cost-benefit Analysis

 1 and Table2indicates cost-benefit analysis of different variants.

	S.No.	Parameters	Key Parameters
	1	Number of production	1 (vertical)
		wells	

Table 2 : Cost-benefit analysis of four conceptualized cases for the EGS system in Cambay Basin. 10 % escalation in exploration cost, wells drilling & completion and reservoir simulation is considered in analysis.
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