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Project Background

• Ability to Store Energy

• Thermal Energy →

Subsurface Reservoirs

• Numerous Methods and 

Nomenclature

• Thermal Energy Storage 

Principle 
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Fig 1 – A basic conceptual model of an AGES system (Jello et al. 2022)



Rationale for Project Work

• General Mismatch in Energy Generation and Energy Use
• Lack of Transmission Availability and System Balancing Challenges (Bird et al. 2016)
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Curtailment

Heat Up 
Injection Fluid

Table 1 – Statistics for Curtailment of Wind Energy for countries in 2013 (Bird et al. 2016)
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Aim
Propose Optimum Field Development Strategy for Implementation of AGES System

• Identify Key Operational 
Parameters
• Injection/Production Mass 

Flow Rate

• Injection Fluid Temperature

• Maximum Cycle Part 
Durations

• Well Patterns 

• Sensitivity Analysis
• Technical Yardsticks

• Thermal Storage Energy 
Efficiency

• Average Power and Electricity 
Generation

• Economic Yardsticks

• Net Present Value (NPV)

• Levelized Cost of Energy 
(LCOE)

• Develop
• Static Reservoir Model

• Dynamic Reservoir Model

Objectives



Methodology – Drainage Area of Study
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Fig 2 – Wells that Penetrate the Gassum Formation (GEUS 2023)

Fig 4 – Formation Surface Tops for the Assumed Combined Drainage Area

Fig 3 – Assumed Combined Drainage Area



Methodology – Reservoir Modelling
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Table 2 – Average reservoir properties of the Gassum Formation penetrated by Borglum-1 and Flyvberg-1 as analysed by GEUS 2023

Fig 5 – SP vs. Porosity Correlation for Borglum-1 Well

Fig 6 – Single Phase ‘Rel-Perm’ Curve

Table 3 – Initialisation Conditions



Operation Conditions
Base Case 

Model
Case 1 Case 2 Case 3

Injection Mass Flow 
Rate (kg/s)

10 40 10 10

Injection Fluid 
Temperature (degC)

90 90 250 90

Production Mass Flow 
Rate Limit (kg/s)

10 40 10 10

Charging Period (days) 60 60 60 60

Well Pattern 2 Well Line Drive 2 Well Line Drive 2 Well Line Drive 2 Well Line Drive

Strategy
Borglum-1 Inj, 

Flyvberg-1 Prod
Borglum-1 Inj, 

Flyvberg-1 Prod
Borglum-1 Inj, 

Flyvberg-1 Prod
Seasonal Storage 

Both Wells

Methodology – Sensitivity Analysis
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Fig 7 – Schematic of Decision Tree for Sensitivity AnalysisTable 4 – Operating Conditions for Different Simulation Cases



Methodology – Technical and Economic Yardsticks
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𝑐𝑟𝑒𝑠 = 𝑐𝑠𝑜𝑖𝑙𝑑 𝜌𝑠𝑜𝑙𝑖𝑑 1 − 𝜙 + 𝑐𝑤𝜌𝑤𝜙
Equation Set 1 – Thermal Storage Energy Efficiency (Zheng et al. 2014)

𝜂𝑠 =
𝑀𝑝𝑟𝑜𝑑

𝑀𝑖𝑛𝑗

𝑀𝑝𝑟𝑜𝑑 =  න
𝑡1

𝑡2

ሶ𝑞𝑝𝑟𝑜𝑑ℎ𝑝𝑟𝑜𝑑  𝑑𝑡 

𝑊ℎ =  ሶ𝑞𝑝𝑟𝑜𝑑 ℎ𝑝𝑟𝑜𝑑

Equation Set 2 – Average Electric Power Generation (Jello et al. 2022)

𝑊𝑒 = 0.45 𝑓 𝑊ℎ

𝑓 = 1 −
𝑇𝑟𝑒𝑗

𝑇𝑝𝑟𝑜𝑑

𝑊ℎ =  ሶ𝑞𝑝𝑟𝑜𝑑 ℎ𝑝𝑟𝑜𝑑

𝑁𝑃𝑉 =  
𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤, 𝑌𝑒𝑎𝑟 𝑛

1 + 𝑟 𝑛

𝑁𝑃𝑉 =  
𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤, 𝑌𝑒𝑎𝑟 𝑛

1 + 𝑟 𝑛

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉, 𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝐶𝑜𝑠𝑡𝑠 $

𝑁𝑃𝑉, 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑘𝑊ℎ  

Equation Set 3 – Economic Yardsticks (Wendt et al. 2019, Jello et al. 2022)

Table 5 & 6  – CAPEX and OPEX (Wendt et al. 2019)



Results & Analysis – Reservoir Models
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Fig. 8 – Calculated and Generated Petrophysical Well Logs

Figure 9 – Reservoir Model of Porosity (PHI_SP)

Table 7 – Critical Comparison of Petrophysical Properties



Results and Analysis – Simulation Cases
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Fig 10 & 11 – Technical Yardsticks Applied to Simulation Results Fig 12 & 13 – Economic Yardsticks Applied to Simulation Results



Results and Analysis – Field Development Plan
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Fig 14 – 5 Spot Well Pattern on Assumed Drainage Area

Fig 15 – Case 1 vs. 5 Spot Pattern Thermal Energy Storage Efficiency

Fig 16 – Case 1 vs. 5 Spot Pattern NPV

• 5-Spot

• 4 Injector, 1 Producer

• Injection Mass Flow Rate

• 40 kg/s for each well

• Injection Fluid Temp.

• 90 ℃

• Charging Period

• 3 months before 
production



Conclusions & Recommendations

• AGES is Novel and Unique

• Combatting issues of Energy Storage and 
Curtailment of Energy

• Implementation of AGES in Conjunction with 
Renewable Energy System → Flexibility

• Optimum Field Development Plan 

• Injection Fluid Temperature = 90 ℃

• Injection Mass Flow Rate = 40 kg/s

• 5 Spot Well Pattern

• 3 Months Charging Period
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• Technical and Economic Yardsticks

• Thermal Energy Storage Efficiency – 70%

• Average Power Generation – 150 mn kWh

• NPV – US$35 Million

• LCOE – 0.4 $/kWh

• Further Studies

• Cost Analysis Considering Incremental 
CAPEX

• Adding extra petrophysical properties
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