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ABSTRACT 

One of the great challenges to using thermoelectric generators (TEG) for power generation is large-scale utilization. It is difficult to 

manufacture TEG systems even at the scale of a few kilowatts (KW). There have been many reports on laboratory experiments measuring 

TEG power output at different flow rates of water, different temperatures, and other different conditions, but there have been few field 

tests utilizing geothermal wells. To this end, we designed a geothermal-TEG apparatus that has a six-layer modularized design to allow 

expanded power production. After demonstrating the TEG’s performance in the laboratory, we tested the apparatus in the field at a well 

located in the Bottle Rock geothermal field in The Geysers, CA, USA. The whole six-layer TEG device could generate about 500 W 

electricity with a temperature difference of about 152 °C between the hot and cold fluid manifolds, while each TEG chip could generate 

about 3.9 W. The steam pressure at the inlet of the TEG apparatus was about 122 psi, close to the wellhead pressure of 125 psi. After 

optimizing the field infrastructure, the six-layer TEG device could generate electricity without any leak at the wellhead pressure of 125 

psi and the temperature over 176 °C (349 °F). The field test of the six-layer TEG device at Bottle Rock geothermal power plant was 

considered successful, and plans have begun to design and build a TEG device that could produce power up to 20 KW. 

1. INTRODUCTION  

Technology using thermoelectric generators (TEG) can transform thermal energy into electricity directly by using the Seebeck effect. 

TEG electricity generation technology has many advantages such as compactness, quietness, and reliability because there are no moving 

parts. Many studies have been conducted to improve the power performance and decrease the cost or self-energy consumption in recent 

years (Ahmadi Atouei et al., 2017; Araiz et al., 2017; Atouei et al., 2018; Boonyasri et al., 2017; Cao et al., 2018; Chen et al., 2017; Deasy 

et al., 2017; Demir and Dincer, 2017b, 2017a; Huang et al., 2018; Huang and Xu, 2017; Kane et al., 2016; Kim et al., 2017, 2016, 2018; 

Lee and Lee, 2018; Lekbir et al., 2018; Li et al., 2019; Lu et al., 2017; Lv et al., 2017; Negash, 2017; Remeli et al., 2016; Sajid et al., 

2017; Twaha et al., 2016; Wang et al., 2014). 

There have been many other earlier studies, both numerical and experimental, on TEG power generation technology (Angeline et al., 

2019; Bijukumar et al., 2018; Deasy et al., 2017; He et al., 2019; Högblom and Andersson, 2016; Lan et al., 2018; Ming et al., 2017; Tu 

et al., 2017; Yu and Zhao, 2007; Zhang, 2016; Zhao et al., 2018).  

One of the challenges to using TEGs for power generation is large-scale utilization (Li et al., 2019) because it can be difficult to 

manufacture a TEG system even at the scale of a few kilowatts (KW). Previous studies have reported on numerical modeling and the 

laboratory experiments conducted to measure the power output at different flow rates of water, different temperatures, and other different 

conditions, but there have been few field tests utilizing geothermal wells.  

Accordingly, we designed a six-layer TEG apparatus that could be installed with modularized units, with the ultimate objective of building 

a 20 KWe system. Such a system with a layered structure can be expanded in power. We tested the TEG apparatus at a geothermal well 

in the Bottle Rock geothermal field in The Geysers, CA, USA, after conducting experiments in the laboratory. The field test results are 

presented in this paper. A simple cost analysis was conducted, and the results showed that the cost of TEGs is less than that of solar 

photovoltaic (PV) panels if availability and capacity factor is considered. 

2. FIRST FIELD TEST 

We first conducted a pilot field test with a five-layer lab-scale TEG apparatus after the successful experiments in our laboratory. The five-

layer TEG apparatus could be fit in a small box and was delivered to the geothermal well pad located at Bottle Rock (see Figure 1). In 

order to connect the five-layer TEG lab apparatus to the geothermal well head system, pipes, adapters, and manifolds were constructed to 

adapt the different pipe fittings between the TEG lab apparatus and the geothermal well, as shown in Figure 2 and Figure 3. 

The field test was run on July 27, 2019 after the installation of the five-layer TEG apparatus. It was not possible to control the inlet 

pressure and steam flow rate into the apparatus because no pressure control valve (PCV) was installed. The five-layer TEG apparatus 
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leaked due to the high pressure and high temperature. It was not possible to measure any power output. We learned a lot from this field 

test even though the output could not be obtained. 

 

Figure 1: The five-layer TEG apparatus could be fit in a small box and was moved to the geothermal well pad in Bottle Rock, 

California, USA. 

 

Figure 2: The geothermal well head at Bottle Rock, California, USA (pipes and manifolds were adapted to connect to the five-

layer TEG lab apparatus). 
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Figure 3: The five-layer TEG lab apparatus, ready to be tested at the geothermal well at Bottle Rock, California, USA, July 2019. 

3. SECOND FIELD TEST 

We shipped the leaked five-layer lab-scale TEG apparatus back to our laboratory and conducted a diagnosis after disassembling it. It was 

found that the reason for the leaks was because the sealing structure was good for high temperature but not good for high pressure. We 

redesigned the structure and made a new six-layer-TEG apparatus (see Figure 4). The new six-layer-TEG apparatus has a dimension of 

75 cm (length) X 24 cm (width) X 18 cm (height). The TEG device can withstand high pressure better, without leak, if the pressures on 

the cold and hot sides of the TEG chips are approximately equal to each other. 

 

Figure 4: The photo of the modified six-layer-TEG device. 

Figure 5 shows the schematic and the flow configuration of the six-layer-TEG apparatus used for the field tests. High temperature steam 

flows into the TEG device from lower right side and out from the lower left side. Cold water flows in the opposite direction. The heat 

exchange between the cold and hot sides of the TEG modules could be enhanced by directing the hot and cold flow in a countercurrent 

way. 
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Figure 5: The schematic and the flow configuration of the six-layer-TEG device. 

The instruments and the arrangement near the geothermal production well head for the second field test are shown in Figure 6a. A pressure 

control valve (PCV) was installed this time in order to control the inlet pressure and steam flow rate into the new six-layer-TEG apparatus. 

With the PCV, we could test the TEG apparatus at different inlet pressures and determine the specific pressure at which the TEG apparatus 

started to leak. The power output as a function of steam pressure or steam flow rate could be measured. The pipes near the geothermal 

injection well are shown in Figure 6b. The cold water supply and the control panel for sampling data near the geothermal wells are shown 

in Figure 6c.  

 

 

(a) The instruments near the geothermal production well head 
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(b) The piping arrangement near the geothermal injection well  

 

 

(c) Cold water supply and the control panel for sampling data near the geothermal wells 

Figure 6: Photos of the geothermal well and the piping network at the Bottle Rock facility 

Figure 7 shows the piping network from the geothermal well at the Bottle Rock facility. A steam by-pass line in parallel with the six-

layer-TEG apparatus was installed in order to protect the TEG device if any unexpected situation occurred. The pressure and the flow rate 

of the cold water flowing through the cold side could also be controlled. The purpose was to balance the pressure on the cold and hot sides 

of the TEG chips in order to allow the TEG device withstand higher pressure without leaking through the seals. 

The schematic and the flow configurations were the same as for the first field test. The main difference in the second field test was that 

the pressure control valve (PCV) was installed. With the PCV, the power output as a function of steam pressure or steam flow rate could 

be measured.  
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Figure 7: The schematic and the arrangement of the six-layer-TEG apparatus with the piping network from the geothermal well 

at the Bottle Rock facility 

The new six-layer TEG apparatus was installed at Bottle Rock geothermal field for testing, as shown in Figure 8. The geothermal well 

(Coleman 3-5) has been shut down and had not been in production for a very long time. It took us over five hours to warm up the 

geothermal producer (Coleman 3-5). We then conducted the tests and measured the power output at different steam pressures (or steam 

flow rate) using the steam from this geothermal production well and at different pressures of cold water (or water flow rate). The field test 

began on September 27, 2019 and ended on September 29, 2019.  

 

 

Figure 8: The new six-layer TEG apparatus installed for field test at Bottle Rock geothermal field. 

The new six-layer TEG apparatus had no leak when the inlet steam pressure was less than 100 psi and leaked a little when fully open to 

the maximum pressure from the geothermal production well. The steam pressure at the inlet of the six-layer TEG apparatus was about 
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122 psi, close to the wellhead pressure of 125 psi at the geothermal producer. The apparatus stopped leaking when the pressure of the cold 

water was increased to about 80 psi. 

A data acquisition system was developed to record the values of pressure, temperature, and flow rate at both inlet and outlet on cold and 

hot sides of the TEG apparatus. A typical screen shot of the data acquisition system is shown in Figure 9. The new six-layer TEG device 

could generate about 93.6 W per layer (about 500 W total) without any leak at the wellhead pressure of 125 psi and the temperature over 

176 °C (349 °F). 

 

Figure 9: The screen shot of the power output and other parameters measured using the modified six-layer TEG apparatus at 

Bottle Rock geothermal field. 

Figure 10 shows the voltage measured from each layer of the apparatus except for the first layer (V1, which had failed). According to the 

results, one layer with 24 chips could generate a voltage from 120 V to about 140 V per layer at the pressure of 125 psi and temperature 

over 176 °C (349 °F). The most important feature is that the values of the voltage from each layer did not vary significantly, which follows 

the trend of the experimental results as we presented in the paper at the 2019 Stanford Geothermal Workshop (Li et al., 2019). Layer 6 

had the highest voltage. 

 

Figure 10: Voltage measured from each layer as a function of steam flow rate. 

We measured the power of a single layer (Layer 6) separately, and the results are shown in Figure 11. Layer 6 (with 24 chips) could 

generate about 93.6 W and each chip could generate about 3.9 W. The power increased with the steam flow rate. This also follows the 

trend of the laboratory results as we presented in the paper at the 2019 Stanford Geothermal Workshop (Li et al., 2019). 
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Figure 11: Power vs. steam flow rate measured from the sixth layer 

The values of the voltage from each layer did not vary significantly, as shown in Figure 10. We know that the power is directly proportional 

to the voltage (Li et al., 2019). The total power for the six-layer TEG apparatus was then estimated. The results are shown in Figure 12. 

The total estimated power reached about 560 W at a steam flow rate of 120 lb. per hour. 

 

Figure 12: The total power estimated for the six-layer TEG apparatus in field tests 

The volumetric power density of the TEG apparatus was estimated based on the field test results. A device with a physical volume of 50 

cubic meter could generate about 1 MW of electric power, which is very attractive. 

Based on these data, the second field test of the six-layer TEG apparatus conducted at the Bottle Rock geothermal facility in California, 

USA was considered to have been successful. 

4. PRELIMINARY COST ANALYSIS   

According to the initial analysis of the results of the second field test, it was estimated that the cost of per KW would be around $13,900. 

The total cost of the 20 KW TEG would be around $280,000, using the TEG chips deployed in the six-layer test device, and the volume 
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of a 20 KW TEG device would be around 1 m3. These costs are very attractive compared with solar photovoltaic (PV) panels. Based on 

the data reported by White (2019), the average cost of solar PV panels in 2019 in the United States is about $3050 per KW. The capacity 

factors of solar PV are between 10 and 25%, and they average about 20%, due to nights and cloudy days (Li et al., 2015). The cost of 

solar PV panels is greater than that of TEGs if capacity factor is considered. TEG devices have a capacity factor of ~99%, and so the net 

cost of solar PV panels at a capacity factor comparable to a TEG system would be about $15,250/kW. At a scale larger than 20 KW, the 

cost of per KW TEG could be less than $13,900. TEG devices may also be cost competitive with binary geothermal power generation 

technology because TEG does not need turbines and does not need the binary fluid.  

5. CONCLUSIONS 

According to our field test results, the following conclusions may be drawn: 

(1) At a steam flow rate of 120 lb/hour, one layer (Layer 6 with 24 chips) could generate about 93.6 W, and each chip could generate 

around 3.9 W electricity with a temperature difference of 152 °C between the cold and hot fluid manifolds. 

(2) The voltage and power output of each layer is almost the same, which makes the delivering of the electricity to the load easier, more 

uniform, and more stable. 

(3) The effects of flow rate on the voltage and power output have been tested at the Bottle Rock geothermal facility in California, USA. 

The voltage and power also increase with the water flow rate on both cold and hot sides, but not linearly. 

(4) The second field test of the six-layer TEG apparatus conducted at Bottle Rock was successful and the results had a trend similar to 

the data measured in the laboratory. 

(5) A TEG system with a volume of 50 m3 could generate about 1 MW electric power. Such a unit is comparable in size to a 1 MW 

diesel-powered generator and could supply a thousand homes.  
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