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ABSTRACT  

Geothermal power generation with ORC technology is a traditional and popular way to utilize geothermal energy. A new design of 

downhole thermoelectric power generation combined with a coaxial borehole heat exchanger is proposed, where the geothermal 

well is isolated into power generation section and heat exchanging section from the top of the target zone with a packer. A cold 

fluid is injected to downhole through an insulation pipe, parts of the injected fluid flows reversely in casing-tubing annulus above 

the packer, and others flows into casing-tubing annulus below the packer and upwards in tubing. These flowing design provides 

cold source and hot source for thermoelectric generator, respectively. Analytical models of downhole temperature distribution for 

thermoelectric power generation are established. A case study for a geothermal well with 3000m length of power generation section 

and 500m length of heat exchanging section is performed. The results show that a substantial generating capacity could be realized 

with a higher wellhead temperature, and the payback period under different carbon tax scenarios is about 6 – 8 year. The proposed 

method realizes geothermal energy harvesting and power generation at the same time and can be operated all year round.  

1. INTRODUCTION 

Developing and utilizing geothermal energy is put forward as an urgent work and becomes one of important measures to solve the 

livelihood issues. Geothermal energy is a clean, renewable and sustainable energy. It is estimated that the Earth’s total heat flux is 

about 44.2 ± 1.0 TW(Gando et al., 2011). Geothermal energy will undoubtedly become an important part of the new energy in the 

future. Recently, geothermal power generation has developed rapidly. According to the statistics, the total installed geothermal 

power generation capacity in 2015 was 12,647 MWe. The annual electrical generation in 2019 was 92 TWh, approximately 1.0% of 

global electricity generation(IRENA, 2021). Nevertheless, the world's target by 2050 is to reach 1180 TWh of annual electricity 

generation from geothermal sources, which is about 2.5 to 3.1% of global electric demand (Goldstein et al., 2011).  

The power generation technology currently available in the geothermal industry depends on the reservoir properties (e.g. 

geological, geophysical, geochemical, physicochemical, thermodynamic, and others). Dry steam, flash (single, double and triple), 

and binary cycle power plants are three types of mature geothermal power generation technologies(DiPippo, 2008). Dry steam 

technology uses the vapor extracted from high temperature reservoir (> 240oC) to produce electricity with a steam turbine and a 

generator. It is the cheapest geothermal generation process. Flash technology is usually used for liquid-vapor geothermal fluid, 

where a separation process is needed to generate power. The liquid-vapor separation process can include one, two or three stages, 

namely single-, double-, and triple-flash systems, respectively. The single-flash technology is generally used for the mixture with 

temperature over 210 oC. The double-flash technology can increase both the efficiency of the process and the power generation in 

relation to the single-flash technology. The triple-flash technology is designed to utilize energy available in the brine coming from 

the double flash cycle. The binary cycle system is usually used for the geofluid produced from liquid-dominated reservoirs with 

temperatures lower than 200oC. Due to the low temperature of the geofluid, a working fluid (which has a lower boiling point, e.g., 

n-isobutane, n-isopentane and pentane) is used to vaporize by the thermal energy in the geofluid to produce electricity with Organic 

Rankine Cycle (ORC) or Kalina cycle (Bertani, 2016, Tomasini-Montenegro et al., 2017).  

Many studies focused on the use of the borehole exchangers to extract geothermal heat (Wang et al., 2009). It only extracts heat 

without producing mass (fluid) from the reservoir, so there are many advantages, such as reducing construction costs by eliminating 

surface facilities and dedicated injectors for brine disposal, avoiding surface subsidence, corrosion and scaling problems(Lund, 

2003). Different designs of downhole heat exchanger were developed to harvest heat by different heat transfer mechanisms, such as 

conduction (Nalla et al., 2004), natural convection(Wang et al., 2009), and forced convection (Feng et al., 2015). Morita et 

al(Morita et al., 2005) proposed a Downhole Coaxial Heat Exchanger (DCHE) system combined with binary or Kalina cycles for 

exploitation of geothermal energy. Their results showed that 70kW power generation might be possible with a DCHE 2,000m deep. 

Noorollahi et al(Noorollahi et al., 2016) studied the power generation from an abandoned geothermal well with depth of 3176m by 

circulating fluid in a coaxial double-pipe heat exchanger and using ammonia and isobutene as working fluids in binary cycle. The 

maximum net powers from the well are 270 kW and 181 kW for isobutane and ammonia with a mass flow rate of 12kg/s, 

respectively. Alimonti et al(Alimonti et al., 2016) compared the thermal-to-electric conversion efficiency between the Organic 

Ranking Cycle (ORC) plant and the Stirling motor with wellbore heat exchanger. With the same working parameters, the net 

electric powers are 121kW for ORC and 152kW for Stirling motor.  

A lot of geothermal resources found in the world belong to the low-temperature category, which are usually used in combined heat 

and power plant. For water with a temperature below 100 oC, binary (Organic Rankine Cycle) power plants are usually used to 

generate electricity. Besides this technology, the thermoelectric generator (TEG) technology is considered as a new way to produce 
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power for low-temperature geothermal resources (Li et al., 2013). Comparing with the conventional methods of generating 

electricity from geothermal energy using ORC technology, the thermoelectric method can directly convert heat into electricity by 

Seebeck effect.and has numerous advantages, including direct energy conversion, no moving parts and no working fluids inside the 

thermoelectric generator, no maintenance and no extra costs, no land needed, superior scalability, long lifespan, independent of the 

hour of the day and season, noiseless operations, high reliability and environmental friend. In addition, it has a wider choice of 

thermal sources. It can utilize both the high- and low-quality heat to generate power while the ORC technology works ineffectively 

for the low-quality heat (Champier, 2017, Chet et al., 2015, Date et al., 2014, Ding et al., 2017, Hsiao et al., 2010, Li et al., 2013). 

The aim of this work is to find an alternative method in which electric power may be generated in downhole with thermoelectric 

technology and coaxial borehole heat exchanger technology in geothermal wells, which is different from traditional ORC or Kalina 

technology. The coaxial borehole heat exchanger recovers heat from surrounding formation, and transfers the heat to thermoelectric 

modules to generate power in downhole. Mathematical models are developed to study the downhole temperature distributions 

related to the power generation. Then, a case study with cost-benefit analysis will be conducted to validate the potential of 

downhole thermoelectric power generation in geothermal wells under different carbon taxes.  

2. SYSTEM DESIGN OF DOWNHOLE THERMOELECTRIC POWER GENERATION SYSTEM WITH COAXIAL 

BOREHOLE HEAT EXCHANGER 

A thermoelectric generator (TEG) is a device that directly converts a heat gradient into electricity through the Seebeck effect, which 

is the phenomenon that electric current induced by temperature difference in an electrical conductor. A TEG is usually made up of 

ceramic substrates, electrical insulators, electrical conductors, and many N-type and P-type semiconductors with high Seebeck 

coeffcients which are alternately connected in series electrically and in parallel thermally as showed in Figure 1. Recently, power 

generation with thermoelectric technology has been proposed to harvest and utilize geothermal energy in downhole (Liu et al., 

2017a, Liu et al., 2017b, Liu et al., 2017c, Liu et al., 2020, Wang et al., 2018). Combining with a coaxial borehole heat exchanger, 

a new design of downhole thermoelectric power generation in geothermal wells is presented (Figure 2). 

 

Figure 1: Schematic of a thermoelectric generator 

 

Figure 2: Schematic of downhole thermoelectric power generation design with a coaxial borehole heat exchanger in a 

geothermal well 

In the proposed design, the well bottom is sealed completely and the casing is lowered to well bottom to prevent leakage between 

formation and borehole. Tubing is run into casing and downed to right above of the sealed bottom. A packer will be set at the top of 

production zone to isolate the casing-tubing annulus. An injection pipe assembled with a downhole fluid diverter will be run into 

the casing-tubing annulus and just pass through the packer. The downhole fluid diverter is just located above the packer and is used 

to adjust fluid flowing into the casing-tubing annulus above and below the packer. The outer surfaces of the tubing above the 

packer are fully covered with thermoelectric modules. Cold fluid will be continuously injected downwards in the injection pipe 

from the surface. When the cold fluid flows pass the downhole fluid diverter, part of the cold fluid will be diverted and enters into 

the casing-tubing annulus above the packer; the other part will continuously flow downwards through the packer and enters into the 

casing-tubing annulus below the packer, which will reverse back at the circulation point due to the sealed bottomhole. The diverted 

cold fluid at downhole fluid diverter flows upwards along the casing-tubing annulus above the packer and provides cold sources for 
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TEGs. While the other part of the cold fluid continuously flows downwards along the casing-tubing annulus below the packer, it 

adsorbs heat from the surrounding formation gradually and becomes high-temperature fluid at the bottom of the well. At the 

circulation point, the heated fluid flows upwards in tubing to the surface and provides heat sources for TEGs. At the same well 

depth, the temperature of upward flowing fluid in tubing is higher than that of upward flowing fluid in casing-tubing annulus. Once 

the system achieves a stable temperature difference between tubing and casing-tubing annulus by continuously injecting and 

circulating the cold fluid, electricity will be generated as the response to applied temperature gradient and the produced electricity 

could be transmitted to surface and input to local grid. In general, the proposed design includes two sections, one is the heat 

harvesting section located below the packer, which harvests heat from surrounding hot formation with coaxial borehole heat 

exchanger; and the other is thermoelectric power generation section located above the packer, which produces power by 

temperature difference across both sides of TEGs.  

In order to create a temperature as larger as possible across both sides of TEGs, the upper casing above the packer are coated with 

insulation materials to reduce heat transferring from the surrounding formation to the fluid flowing in casing-tubing annulus, while 

the lower casing below the packer has a good heat conductivity to harvest enough geothermal energy from deeper formation to heat 

the injected cold fluid in it. Tubing surface are also coated with thermal insulation materials and the injection pipe will be insulted 

completely. 

3. MATHEMATICL MODEL 

3.1 Downhole Temperature Model 

To assess the performance of the proposed downhole power generation design, it is necessary to know the temperature distributions 

along the tubing, the casing-tubing annulus and both sides of TEGs. The assumptions are made: (1) Injection pipe is perfectly 

insulated; the packer length and the injection pipe length which extending out of the packer are ignored, that is the inlet 

temperatures of the injected cold fluid at the casing-tubing annulus above the packer and below the packer are the same as the inlet 

temperature at surface; 2) The heat transfer between formation and wellbore is in steady state; 3) Temperature drop across both 

tubing and casing walls are neglected due to high thermal conductivity of metals as well as the small thickness of the walls; 4) 

Thermoelectric elements in TEG are identical and their geometric configurations are in the optimum form; 5)External heat-transfer 

irreversibilities between the thermoelectric devices and the heat reservoirs are neglected; 6) Seebeck coefficient, thermal 

conductance, electrical resistance, and figure of merit of the thermoelectric devices are independent of temperature in the range of 

studied temperatures;7) Fluid in tubular flows in one-dimension axial direction and heat conducts in one-dimension radical 

direction. 

Heat exchanges among tubing fluid, casing-tubing annular fluid, coaxial borehole heat exchanger and surrounding formation result 

in temperature difference on both sides of TEGs. To obtain temperature distributions in casing-tubing annulus, tubing and coaxial 

borehole heat exchanger, an heat balance over an element of length, dz, which is treated as a control volume at distance of dz from 

the surface where 𝑧 equals to zero, was built. Here z is positive in the downward direction. The schematic of heat balance for 

tubular and formation is shown in Figure 3. 

 

Figure 3: Schematic of heat balance for tubular and formation 

3.1.1 Below Packer (Heat Harvesting Section) 

The flow conduits below the packer work as a coaxial borehole heat exchanger. In the casing-tubing annulus below the packer, the 

injected fluid is in direct contact with casing inner wall. In the tubing, the reversed fluid from the circulation point flows up and 

enters into thermoelectric power generation section, the heat transfer occurs only through the tubing wall (Alimonti & Soldo, 2016, 

Kabir et al., 1996, Willhite, 1967). In this study, water was selected as the working fluid. For the fluid flows from depth of z to 

(z + dz) in casing-tubing annulus and from depth of (z + dz) to z in tubing below the packer, energy balance equations could be 

established accordingly. 

𝑞𝑓ℎ𝑏𝑝(𝑧 + 𝑑𝑧) = 𝑞𝑓ℎ𝑏𝑝(𝑧) + 𝑞𝑡𝑎𝑏𝑝 (1) 

𝑞𝑓𝑐𝑏𝑝(𝑧 + 𝑑𝑧) = 𝑞𝑓𝑐𝑏𝑝(𝑧) + 𝑞𝑡𝑎𝑏𝑝 + 𝑞𝐹𝑏𝑝 (2) 
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Where, 𝑞𝑓ℎ𝑏𝑝 is the heat of the reversed fluid in tubing below the packer, J; 𝑞𝑓𝑐𝑏𝑝 the heat of the injected fluid in casing-tubing 

annulus below the packer, J; 𝑞𝑡𝑎𝑏𝑝 is the heat flow from the tubing to the casing-tubing annulus, J; 𝑞𝐹𝑏𝑝 is the heat flow from the 

surrounding formation to the casing-tubing annulus, J. 

Based on the heat transfer theory, the heat balance for fluid flowing in the tubing and in the casing-tubing annulus below the packer 

are respectively given by: 

𝑞𝑓ℎ𝑏𝑝(𝑧 + 𝑑𝑧) − 𝑞𝑓ℎ𝑏𝑝(𝑧) = 𝑐𝑤𝑤𝑖𝑛𝑗𝑏𝑝[𝑇𝑓ℎ𝑏𝑝(𝑧 + 𝑑𝑧) − 𝑇𝑓ℎ𝑏𝑝(𝑧)] (3) 

𝑞𝑓𝑐𝑏𝑝(𝑧 + 𝑑𝑧) − 𝑞𝑓𝑐𝑏𝑝(𝑧) = 𝑐𝑤𝑤𝑖𝑛𝑗𝑏𝑝[𝑇𝑓𝑐𝑏𝑝(𝑧 + 𝑑𝑧) − 𝑇𝑓𝑐𝑏𝑝(𝑧)] (4) 

Where, 𝑐𝑤 is the water specific heat capacity, J/(kg.K); 𝑤𝑖𝑛𝑗𝑏𝑝 is the mass of the injected fluid in the casing-tubing annulus below 

the packer, kg; 𝑇𝑓ℎ𝑏𝑝 is the fluid temperature in the tubing below the packer, K; 𝑇𝑓𝑐𝑏𝑝 is the fluid temperature in the casing-tubing 

annulus below the packer, K. 

Heat flow, 𝑞𝐹𝑏𝑝, from surrounding formation to casing-tubing annulus below the packer is given by, 

𝑞𝐹𝑏𝑝 = 2𝜋𝑟𝑐𝑈𝑎𝑏𝑝 (𝑇𝑤𝑏(𝑧) − 𝑇𝑓𝑐𝑏𝑝(𝑧)) 𝑑𝑧 (5) 

Heat flow, 𝑞𝑡𝑎, from tubing to casing-tubing annulus below the packer is given by, 

𝑞𝑡𝑎𝑏𝑝 =  2𝜋𝑟𝑡𝑈𝑡𝑏𝑝(𝑇𝑓ℎ𝑏𝑝(𝑧) − 𝑇𝑓𝑐𝑏𝑝(𝑧))𝑑𝑧 (6) 

Where, 𝑟𝑐 is the casing radius, m; 𝑟𝑡 is the tubing radius, m; 𝑇𝑤𝑏 is the temperature at wellbore/formation interface, K; 𝑈𝑎𝑏𝑝 is the 

overall heat transfer coefficient of casing-tubing annulus below the packer, which depends on the resistances to heat flow through 

casing-tubing annular fluid, casing metal and cement, W/(m.K); 𝑈𝑡𝑏𝑝 is the overall heat transfer coefficient of tubing blow the 

packer, which depends on the resistances to heat flow through the tubing fluid and tubing metal, W/(m.K). 𝑈𝑎𝑏𝑝 and 𝑈𝑡𝑏𝑝 can be 

calculated by the many methods(Edwardson et al., 1962, Hasan & Kabir, 2002). 

Assuming that the temperature at wellbore/formation interface along the vertical direction changes linearly, that is: 

𝑇𝑤𝑏 = 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑔𝐺𝑧 (7) 

Where, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the surface temperature of the wellbore/formation interface, K; 𝑔𝐺  is the geothermal gradient, K/m; 𝑧 is the well 

depth from surface, m. 

Letting, 

𝐴 =
𝑐𝑤𝑤𝑖𝑛𝑗𝑏𝑝

2𝜋𝑟𝑐𝑈𝑎
 𝐵 =

𝑐𝑤𝑤𝑖𝑛𝑗𝑏𝑝

2𝜋𝑟𝑡𝑈𝑡
 

Simplifying these equations based on the assumptions of incompressible, single-phase fluid, and the following equations can be 

obtained, 

𝐴
𝑑𝑇𝑓𝑐𝑏𝑝

𝑑𝑧
= (𝑇𝑤𝑏 − 𝑇𝑓𝑐𝑏𝑝) −

𝐴

𝐵
(𝑇𝑓𝑐𝑏𝑝 − 𝑇𝑓ℎ𝑏𝑝) (8) 

𝑑𝑇𝑓ℎ𝑏𝑝

𝑑𝑧
=

𝑇𝑓ℎ𝑏𝑝 − 𝑇𝑓𝑐𝑏𝑝

𝐵
 (9) 

The boundary conditions could be found that the temperature of the reversed fluid at tubing inlet is equal to the temperature of the 

injected fluid in casing-tubing annulus at the circulation point, and the temperature of the injected fluid at the outlet of injection 

pipe is known. Here, we assume that the depth of the tubing inlet (circulation point) is the same as the well bottom. 

at the tubing inlet(circulation point): 𝑧 = L 𝑇𝑓ℎ𝑏𝑝 = 𝑇𝑓𝑐𝑏𝑝 (10) 

at the injection pipe outlet : 𝑧 = 𝐿𝑐 𝑇𝑓𝑐𝑏𝑝 = 𝑇𝑖𝑛𝑗 (11) 

Where, L is the depth of the tubing inlet or the circulation point or the well bottom, m; 𝐿𝑐 is the depth of cold fluid entering into the 

casing-tubing annulus below the packer or the depth of the downhole fluid diverter or the depth of injection pipe outlet, m; 𝑇𝑖𝑛𝑗 is 

the temperature of injected liquid at the surface, K. 

Applying boundary conditions, the temperature distribution along tubing and casing-tubing annulus can be solved and expressed as,  

𝑇𝑓ℎ𝑏𝑝(𝑧) = 𝑚𝑒𝜆1𝑧 + 𝑛𝑒𝜆2𝑧 + 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑔𝐺𝑧 + 𝐵𝑔𝐺 + 𝑇𝑤𝑏(𝐿𝑐) (12) 

𝑇𝑓𝑐𝑏𝑝(𝑧) = (1 − 𝜆1𝐵)𝑚𝑒𝜆1𝑧 + (1 − 𝜆2𝐵)𝑛𝑒𝜆2𝑧 + 𝑇𝑤𝑏(𝐿𝑐) + 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑔𝐺𝑧 (13) 
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Where, 𝑇𝑤𝑏(𝐿𝑐) is the formation temperature at the packer, K. 

In Eqs.12 and 13, 𝜆1, 𝜆2, m and n are all constants, given as follows. 

𝜆1 = −
1

2𝐴
+

1

2𝐴
√1 +

4𝐴

𝐵
 

𝜆2 = −
1

2𝐴
−

1

2𝐴
√1 +

4𝐴

𝐵
 

𝑚 = −
(𝑇𝑖𝑛𝑗 − 𝑇𝑤𝑏(𝐿𝑐)) 𝜆2𝑒𝜆2(𝐿−𝐿𝑐) + 𝑔𝐺(1 − 𝜆2𝐵)

𝜆1𝑒𝜆1(𝐿−𝐿𝑐)(1 − 𝜆2𝐵) − 𝜆2𝑒𝜆2(𝐿−𝐿𝑐)(1 − 𝜆1𝐵)
 

𝑛 =
(𝑇𝑖𝑛𝑗 − 𝑇𝑤𝑏(𝐿𝑐)) 𝜆1𝑒𝜆1(𝐿−𝐿𝑐) + 𝑔𝐺(1 − 𝜆1𝐵)

𝜆1𝑒𝜆1(𝐿−𝐿𝑐)(1 − 𝜆2𝐵) − 𝜆2𝑒𝜆2(𝐿−𝐿𝑐)(1 − 𝜆1𝐵)
 

3.1.2 Above Packer (Power Generation Section) 

For the fluid heated in casing-tubing annulus below the packer and flowing upward in the tubing, it enters at the depth of (z + dz) 

and leaves at z with heat convection towards casing-tubing annulus above the packer; and for the fluid flowing upward in the 

casing-tubing annulus above the packer, the energy balance involves heat transfer from tubing to casing-tubing annulus above the 

packer and heat transfer from surrounding formation(Kabir et al., 1996, Willhite, 1967). Following the same steps as indicated in 

section 3.1.1, the temperature distributions along tubing and casing-tubing annulus can be solved and expressed as,  

𝑇𝑓ℎ(𝑧) = 𝑚𝑒𝜆1𝑧 + 𝑛𝑒𝜆2𝑧 + 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑔𝐺(𝑧 + 𝜉) (14) 

𝑇𝑓𝑐(𝑧) = (1 − 𝜆1𝐵)𝑚𝑒𝜆1𝑧 + (1 − 𝜆2𝐵)𝑛𝑒𝜆2𝑧 + 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑔𝐺(𝑧 + 𝜉 − 𝐵) (15) 

Where, 𝑇𝑓ℎ is the fluid temperature in the tubing above the packer, K; 𝑇𝑓𝑐  is the fluid temperature in the casing-tubing annulus 

above the packer, K. 

In Eqs.14 and Eqs.15, 𝜉, 𝜆1, 𝜆2, m and n are all constants, given as follows. 

𝐶 =
𝑐𝑤𝑤𝑖𝑛𝑗

2𝜋𝑟𝑐𝑈𝑎
 𝐷 =

𝑐𝑤𝑤𝑡

2𝜋𝑟𝑡𝑈𝑡
 𝐸 =

𝑐𝑤𝑤𝑖𝑛𝑗

2𝜋𝑟𝑡𝑈𝑡
 

ξ =
𝐶𝐷 + 𝐷𝐸 + 𝐶𝐸

𝐸
 

𝜆1 =
𝐶𝐷 + 𝐷𝐸 + 𝐶𝐸 + √(𝐶𝐷 + 𝐷𝐸 + 𝐶𝐸)2 − 4𝐶𝐷𝐸2

2𝐶𝐷𝐸
 

𝜆2 =
𝐶𝐷 + 𝐷𝐸 + 𝐶𝐸 − √(𝐶𝐷 + 𝐷𝐸 + 𝐶𝐸)2 − 4𝐶𝐷𝐸2

2𝐶𝐷𝐸
 

𝑚 =
(1 − 𝜆2𝐷) × (𝑇𝑓ℎ𝑏𝑝(𝐿𝑐) − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑔𝐺(𝐿𝐶 + 𝜉)) − (𝑇𝑖𝑛𝑗 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑔𝐺(𝐿𝐶 + 𝜉 − 𝐷))

𝐷 × (𝜆1 − 𝜆2)𝑒𝜆1𝐿𝐶
 

𝑛 =
(1 − 𝜆1𝐷) × (𝑇𝑓ℎ𝑏𝑝(𝐿𝑐) − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑔𝐺(𝐿𝐶 + 𝜉)) − (𝑇𝑖𝑛𝑗 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑔𝐺(𝐿𝐶 + 𝜉 − 𝐷))

𝐷 × (𝜆2 − 𝜆1)𝑒𝜆2𝐿𝐶
 

3.2 Electrical Power Generation 

The thermoelectric modules are attached on the outer surface of the tubing tightly and their geometric configurations are in the 

optimum state. When the flowing temperature in tubing and casing-tubing annulus are known, then the temperature on the hot and 

cold surfaces of TEGs can be deduced from heat transfer theory (Suzuki & Tanaka, 2003) and expressed as following. 

𝑇𝑚ℎ = 𝑇𝑓ℎ −
2𝜋𝑟𝑝𝑛𝑈𝑡

ℎ𝑡
(𝑇𝑓ℎ − 𝑇𝑓𝑐) 

(16) 

𝑇𝑚𝑐 = 𝑇𝑓𝑐 +
2𝜋𝑟𝑝𝑛𝑈𝑡

ℎ𝑐
(𝑇𝑓ℎ − 𝑇𝑓𝑐) 

(17) 

Where, 𝑇𝑚ℎ is the temperature on the hot surface of TEG, K; 𝑇𝑚𝑐 is the temperature on the cold surface of TEG, K; 𝑟𝑝𝑛 is the radius 

after the thermoelectric modules are attached on the external surface of the tubing, m; ℎ𝑡 is the convective heat transfer coefficient 

between the produced fluid and the tube, W/(m.K); ℎ𝑐 is the convective heat transfer coefficient between the injected fluid and the 

case, W/(m.K). 
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According to the principle of the TEG, the produced voltage depends on the temperature difference and Seebeck coefficient (Chen 

et al., 2010, Gou et al., 2013, Reddy et al., 2013). For an element of length (dz), the temperature along each side of TEG keeps 

constant. Then the total voltage, 𝐸, can be integrated along the wellbore and are given by, 

𝐸 = ∫ 𝛼(𝑇𝑚ℎ − 𝑇𝑚𝑐)𝑑𝑧
𝐿

0

= 𝑛𝜙𝑛𝑥𝛼 ∫ (𝑇𝑚ℎ(𝑧) − 𝑇𝑚𝑐(𝑧))𝑑𝑧
𝐿

0

 
(18) 

Where, 𝑒 is the voltage of a thermoelectric element, V; 𝑛𝜙  and 𝑛𝑥  are the number of thermoelectric pairs in a circumferential 

circulation and the number density of thermoelectric pairs in the axial direction, respectively, dimensionless. 

When the thermoelectric module is applied a certain temperature gradient, electric power is produced and it is defined as, 

𝑃 =
𝐸2

2𝑅 + 𝑅𝐿 +
𝑅2

𝑅𝐿

 
(19) 

Where, P is the output power, W; 𝑅 is the internal electric resistance of TEG, Ω; 𝑅𝐿 is the external electric resistance, Ω. 

By considering the Seebeck effect, the thermal power input to the hot side in ith segment, 𝑄𝐻𝑖, and the thermal power output from 

the cold side of in ith segment, 𝑄𝐶𝑖, are separately given by(Kim, 2013, Lineykin & Ben-Yaakov, 2007), 

𝑄𝐻𝑖 = 𝐾(𝑇𝑚ℎ(𝑖) − 𝑇𝑚𝑐(𝑖)) + 𝛼𝑇𝑚ℎ(𝑖)𝐼 −
1

2
𝐼2𝑅 (20) 

𝑄𝑐𝑖 = 𝐾(𝑇𝑚ℎ(𝑖) − 𝑇𝑚𝑐(𝑖)) + 𝛼𝑇𝑚𝑐(𝑖)𝐼 +
1

2
𝐼2𝑅 (21) 

Where, 𝐾 is the thermal conductance of TEG, W/(m.K). 

The efficiency of TEG can be defined as, 

η =
𝑃𝑡

∑ 𝑄𝐻𝑖
 (22) 

Where, 𝑃𝑡 is the total output power, W. 

3.3 Required Pumping Power 

In our proposed design, a surface pump is used to inject and circulate the cold fluid in injection pipe, casing-tubing annulus, 

coaxial borehole heat exchanger and tubing. To attain the required pumping power, the pressure losses in injection pipe, casing-

tubing annulus, coaxial borehole heat exchanger and tubing should be determined. According to single phase flow theory, the 

required pumping power can be obtained. 

𝑃𝑝𝑢𝑚𝑝 = 𝑄𝑖𝑛𝑗[∆P𝑑𝑖𝑝 + 𝜔∆P𝑢𝑎 + (1 − 𝜔)(∆P𝑢𝑡 + ∆P𝑑𝑐 + ∆P𝑢𝑐)] (23) 

Where, 𝑃𝑝𝑢𝑚𝑝  is the required pumping power, W; 𝑄𝑖𝑛𝑗  is the injection rate at surface, m3/s; ∆P𝑑𝑐  is the pressure loss in 

downward coaxial borehole heat exchanger (casing-tubing annulus below the packer), Pa; ∆P𝑢𝑐 is the pressure losses in upward 

coaxial borehole heat exchanger (tubing below the packer), Pa; 𝜔 is the ratio of the flow rate entering into casing-tubing annulus 

above the packer to the total injection rate. 

Assuming the pumping power is supplied by the produced power from the same well, then the net power is given by, 

𝑃𝑛𝑒𝑡 = 𝑃𝑡 − 𝑃𝑝𝑢𝑚𝑝 (24) 

Where, 𝑃𝑛𝑒𝑡 is the net power, W. 

3.4 Cost-benefit Assessment 

A cost-benefit assessment was performed to evaluate the economic feasibility of downhole thermoelectric power generation in a 

geothermal well. Here, we assume that the geothermal well has already existed, what we only need to do is to retrofit the well 

suitable for power generation. Therefore, only the capital cost of the TEG system installation and the circuitry construction are 

considered in the cost-benefit assessment. In addition, the power generation by geothermal energy has a large environment benefit. 

More than 90% of greenhouse gas emissions could be reduced if the electrical energy produced from a fossil fuel power plant is 

replaced by geothermal energy(Glassley, 2010). Therefore, the carbon tax income is included in the cost-benefit assessment. 

4. RESULTS AND DISCUSSION 

4.1 Parameters for case studies 

In this case study, downhole thermoelectric power generation system will be applied in a liquid dominated geothermal well.. The 

top depth of the production zone in the geothermal well is 3000 m and the thickness of the production zone is 500m. It was 

completed with 9-5/8’’ casing to the bottom. A packer was set right above the production zone with 3-1/2’’ tubing connected to 

surface. As designed, an injection pipe with inner diameter of 1-5/8’’ is run through the casing-tubing annulus down to the depth of 
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3000 m and just penetrating the packcer. The daily injection rate is 500 m3 and the fluid diversion ratio between the fluid entering 

into casing-tubing annulus above the packer and below the packer is 1. The casing above the packer is coated with an insulation 

material with thermal conductivity of 0.06 W/(m•K), while the casing below the packer is highly heat conductivity with thermal 

conductivity of 43.25 W/(m•K) and is good cemented with formation. The tubing is also coated with an insulation material with 

thermal conductivity of 0.06 W/(m•K) while the injection pipe is perfect insulated. The injected fluid will reversely flow upwards 

in tubing at 3500m. Segmented thermometric generators are connected in series and fully mounted on the outer surface of tubing 

above the packer. Data used in this study are summarized in Table 1. 

Table 1 Parameters for case study of downhole thermoelectric power generation 

Parameters Value 

Tubing outer diameter(m) 0.089 

Tubing inner diameter(m) 0.076 

Casing outer diameter(m) 0.244 

Casing inner diameter(m) 0.224 

Injection pipe outer diameter(m) 0.041 

Injection pipe inner diameter(m) 0.035 

Wellbore depth(m) 3500 

Packer depth(m) 3000 

Coaxial heat exchanger length(m) 500 

Geothermal gradient(°C/m) 0.035 

Surface temperature(°C) 21 

Reservoir temperature(°C) 126 

Cold fluid injection temperature(°C) 20 

Cold fluid injection rate(m3/d) 500 

Fluid diversion ratio(/) 1 

Water specific heat capacity(kJ/ (kg•K)) 4.18 

Thermal conductivity of formation(W/(m•K)) 2.42 

Thermal conductivity of insulation material(W/(m•K)) 0.06 

Thermal conductivity of casing(W/(m•K)) 43.25 

For downhole thermoelectric modules, Bi2Te3-based materials are selected as the semiconductor due to its commercially 

availability, high performance and proven engineering applications (Chet et al., 2015). TEG parameters are shown in Table 2. The 

length of each segment of TEG is assumed to be same as the tubing length for convenient assembling and running into downhole. 

Table 2 Thermoelectric properties and parameters in this case study 

Parameters Value 

P-type: Bi2-xSbxTe3 

Seebeck coefficient(μV/K) 222.48 

Electrical resistivity(μΩ•m) 12.5 

Thermal conductivity(W/(m•K)) 1.36 

Length(m) 0.013 

Cross-section area(cm2) 0.25 

N-type: Bi2Se3-yTey 

Seebeck coefficient(μV/K) -223.06 

Electrical resistivity(μΩ•m) 12.9 

Thermal conductivity(W/(m•K)) 1.41 

Length(m) 0.013 

Cross-section area(cm2) 0.25 
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4.2 Results for case studies 

4.2.1 Temperature distribution 

Temperature distribution in tubing, casing-tubing annulus, hot and cold sides of TEG are presented in Fig.4. As the fluid diverted 

from the downhole fluid diverter flows through the packer and enters into the casing-tubing annulus, it is heated to about 123.5°C at 

the well bottom. While it reverses and flows upwards in tubing, it releases heat to the “cold” fluid in casing-tubing annulus below 

the packer and the temperature of the reversed fluid at packer drops to 120.1°C. When the heated fluid continuously flows upwards 

in tubing, some heats are transferred to TEG and the reversed fluid in casing-tubing annulus above the packer, the wellhead 

temperature of the reversed fluid in tubing is high up to 97.0°C, which is hot enough to be further used on the ground. 

 

Figure 4: Temperature distributions in tubing, casing-tubing annulus and both sides of TEG 

As the fluid flows upwards in casing-tubing annulus above the packer, it is heated up by 43.5°C due to heat conducting from 

surrounding formation and transferring from TEG and tubing. The temperature differences among the reversed fluid in tubing and 

the hot side of TEG, the reversed fluid in casing-tubing annulus and the cold side of TEG are relatively small. However, the 

temperature differences across both sides of TEG vary from 96.3°C at the packer to 32.2°C at the wellhead. Such temperature 

differences are large enough to produce electric power(Liu, 2014). The continuous injected cold fluid not only maintains a lower 

temperature environment in the cold side of thermoelectric module, but also provides heated fluid for direct use on the ground. 

4.2.2 Power generation 

In this study, the net electric power from a single geothermal well is up to 228.06kW with the proposed design. The power capacity 

is some smaller in a single well, but a scale benefit will be achieved when a cluster of geothermal wells are included and the 

reversed fluids from tubing are sent to binary power plant as a complementary. Thermoelectric performances are listed in Table 3.  

Table 3 Thermoelectric Performances in this case study 

Parameters Value 

Figure of merit (1/K) 0.0028 

Dimensionless figure of merit (/) 0.901 

Total produced power (kW) 320.56 

Required pumping power (kW) 92.50 

Net electric power (kW) 228.06 

Thermal to electricity conversion efficiency(%) 6.63 

4.2.3 Economical evaluation 

As the previous discussion, only the capital cost of TEG system installation and circuitry construction are considered in this study. 

According to the dimensions of P-N type semiconductors and the length and diameter of tubing, total 126,000 thermoelectric 

modules (each module is made up of 16×16 P-N type semiconductors) are needed to be mounted on the outer surface of tubing. 

Assuming the cost of a thermoelectric module is 35 RMB, the costs of accessories and installations are 25% of the total cost of 

thermoelectric modules(Chen et al., 2013). The cost parameters are listed in Table 4. 

Table 4 Capital cost of a downhole thermoelectric power generation system 

Parameters per Price (RMB) Quantity Total Cost (×104RMB) 

Thermoelectric module 
35 

126,000 441 

Voltage regulator system 
2,500 

20 5 
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Electric storage system 
/ 

/ 200 

Accessories and installations 
/ 

/ 110.25 

Total capital cost 
 

 756.25 

Electricity generation from geothermal resources results in much lower greenhouse gas (GHG) emissions than that from traditional 

fossil fuels(Noorollahi & Itoi, 2011). According to the report by National Renewable Energy Laboratory (NREL), the median life 

cycle GHG emissions from enhanced geothermal systems binary, hydrothermal flash, and hydrothermal binary plants were found to 

be 32 g CO2 eq/kWh, 47 g CO2 eq/kWh and 11.3 g CO2 eq/kWh respectively (Eberle et al., 2017). For power generation from coal-

fired plant, the median life cycle GHG emission is estimated to be 1018 g CO2 eq/kWh(Jiang et al., 2013). If the average median 

life cycle GHG emission from geothermal resources is taken as 30 g CO2 eq/kWh, the reduction of GHG emissions is 988 g CO2 

eq/kWh when the electricity generated from a coal-fired plant is replaced by a geothermal power plant. It is assumed that carbon tax 

will be imposed on power plant in the future. Supposing carbon tax is 20 ~ 200 RMB/t CO2 (Jiang et al., 2013), then an additional 

income of a geothermal power plant will increase 0.0198~0.1976 RMB/ kWh. The parameters used for cost-benefit analysis are 

shown in Table 5 and the results for different carbon tax scenarios are presented in Table 6. 

Table 5 Parameters used for cost-benefit analysis 

Parameters Value 

Electric price(RMB/kWh) 1 

Operation life(Year) 18 

Annual operation time(Hours) 6000 

Fixed depreciation period(Year) 10 

Income tax(%) 25 

Benchmark return on investment(%) 9 

Base rate of return(%) 6 

Discount rate(%) 6 

Table 6 Results of cost-benefit analysis for different carbon tax scenarios 

Parameters 
Carbon Tax(RMB/t CO2) 

0 20 200 

Annual net income(104RMB) 121.53 123.57 141.81 

Rate of return(%) 16.07 16.34 18.75 

Static payback period(Year) 6.22 6.12 5.33 

Dynamic payback period (Year) 8.02 7.85 6.62 

Net present value(104RMB) 559.66 581.67 779.24 

It can be seen that the investment could be returned in 6 to 8 years and the rate of return is larger than 16% for different carbon tax 

scenarios. Based on above calculation, the downhole thermoelectric power generation with coaxial borehole heat exchanger is 

feasible and economically competitive. 

5. CONCLUSIONS 

(1) Downhole thermoelectric power generation with a coaxial borehole heat exchanger in geothermal wells is a new way to utilize 

geothermal energy in downhole without affecting subsequent utilization on the ground. In a geothermal well with the depth of 

3500m including 500m length of heat exchanging zone, the net power output of 228.06 kW and thermal-to-electricity conversion 

efficiency of 6.63% are obtained. The payback period under different carbon tax scenarios is about 6 – 8 year and the rate of return 

is larger than 16%. 

(2) Injection rate and fluid diversion ratio will influence the produced power, required pumping power and thermal-to-electricity 

conversion efficiency. Larger flow rate will accelerate the heat transfer process and keep a larger temperature difference across both 

sides of TEG. The reasonable power and efficiency will be obtained with injection rate of 600m3/d and fluid diversion ratio of 1.5 – 

2.0. 

(3) Higher temperature difference is crucial for better downhole thermoelectric performance. Proposed downhole thermoelectric 

power generation design with coaxial borehole heat exchanger is also applicable for abandoned geothermal wells, enhanced 

geothermal systems, and abandoned oil and gas wells. 
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