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Abstract 

Thermionic energy generation and conversion technique is one of the major ways to recycle waste energy for 

further utilization and applications. Environmental heat waste source can be utilized for renewable power 

generation to create friendly ecosystem by thermionic converter. This study design and construct a thermionic 

energy conversion system by thermally driving a PELTIER module with appropriate circuitry to create potential 

difference (electrical power output) between the electrodes when heat is applied to one of its ends through a 

thermionic emission process. The thermal energy as input to the system was varied over time in the range (150 – 

320 
o
C), the corresponding instantaneous DC voltage generated by the system as a function of temperature were 

acquired in real time by data logger which recorded and logged in through a data logger for visualization of 

thermal/electrical characteristics analysis. The resulting voltage delivers electrical power to a load at a typical 

potential difference range of 5.0 – 7.2 volt and thermal efficiency of 20 – 60% per square centimetre of emitter 

surface which is also a function of emitter temperature (150 – 320 
o
C) is achieved. The thermionic system 

results were in agreement with the governing equation of Richardson–Dushman on thermionic emission as 

portrayed by the graphical analysis. The highest voltage of 7.2V was recorded at emitter temperature of 305 
o
C, 

beyond this point the system generated voltage shows no changes and remain constant. This study recommends 

amplification module for higher voltage applications. 
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Introduction  

Power generation is mostly known as a process of converting heat to some form of energy which is then 

converted to electricity. However, thermionic power generation is a process that directly converts heat to 

electricity using thermionic emission. 

Renewable energy is an important field of application needed for every society for proper running of all 

activities, and virtually every sector is energy driven, thereby power generation is essential. The Earth is energy 

filled, and an important form of these energies is heat energy. Heat energy can be found at any point within our 

society with a varying temperature gradient depending on the source. Sources of heat energy include; solar 

energy, bio-heat (heat from the skin), convectional heat from wind, heat from the mechanical operations of 

different machines, thermal exhaust from industrial or manufacturing company and so on beyond mentioning.  

These heat sources are present almost everywhere without utilization, whereas proper channelling of this form 

of energy would be of advantage in renewable industries to run societal activities and solve part of the major 

energy problems. 

A useful way to put these waste to use for human benefits and achieve environmental  friendly ecosystems is by 

using devices like Thermionic power converter, also called thermionic generator, thermionic power 

generator, or thermoelectric engine, any of a class of devices that convert heat directly into electricity 

using thermionic emission rather than first changing it to some other form of energy. One of the means of 

generating energy is through thermionic conversion, as energy can neither be created nor destroyed but can be 

transformed from one form to another. Thermionic converter converts energy through a thermionic emission 

process from heat to electrical energy, this can be used for our daily activities. Thermionic converters are solid-

state devices with no moving parts that carry out the conversion and generate energy in electrical form. They 

can be designed for high reliability and long service life. 

Thus, thermionic converters have been used in many spacecraft. A thermionic power converter has 

two electrodes. One of these is raised to a sufficiently high temperature to become a thermionic electron emitter, 

or “hot plate.” The other electrode, called a collector because it receives the emitted electrons, is operated at a 

significantly lower temperature. The space between the electrodes is sometimes a vacuum but is normally filled 
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with a vapour or gas at low pressure. The thermal energy may be supplied by chemical, solar, or nuclear 

sources.  

Emission of electrons from a hot plate is analogous to the liberation of steam particles when water is heated. 

These emitted electrons flow toward the collector, and the circuit can be completed by interconnecting the two 

electrodes by an external load, shown as a resistor in the Figure (1.1) according to (Richardson, 1921). 

 

 

 

 

 

 

 

Figure 1.1: Schematic Diagram of Thermionic Converter Process Circuitry (Richardson, 1921). 

Part of the thermal energy that is supplied to liberate the electrons is converted directly into electrical energy, 

while some of the thermal energy heats the collector and must be removed. Emission of electrons is fundamental 

to thermionic power conversion. The energy required to remove an electron from the surface of an emitter is 

known as the electronic work function (ϕ). Its value is characteristic of the emitter material and is typically one 

to five electron volts. Some electrons within the emitter have an energy greater than the work function and can 

escape. The proportion depends on the temperature. The rate at which electron current in amperes per square 

metre is emitted from the surface of the emitter is given by the Richardson–Dushman equation (Richardson, 

1921); 
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where T is the absolute temperature in kelvins of the emitter, e is the electronic charge in coulombs, 

and k is Boltzmann’s gas constant in joules per kelvin. The parameter R is also characteristic of the emitter 

material. This expression for emission current is named for Owen Willans Richardson and Saul Dushman, who 

did pioneering work on the phenomenon. Note that the rate of emission increases rapidly with emitter 

temperature and decreases exponentially with the work function. It is therefore desirable to choose an emitter 

material that has a small work function and that operates reliably at high temperatures. Figure (1.2) shows the 

mechanism of electron escape in thermionic power conversion. 

 

Figure 1.2: The Mechanism for electron escape in thermionic power conversion (Richardson, 1921). 

The physics that governs the mechanism of electron escape in a thermionic material is briefly describe by a 

situation where electrons that escape the emitter surface have gained energy equal to the work function, plus 

some excess kinetic energy. Upon striking the collector, a part of the energy is available to force current to flow 
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through the external load, thereby giving the desired conversion from thermal to electrical energy. Part of this 

energy is converted to heat that must be removed to maintain the collector at a suitably low temperature. The 

collector material should have a small work function. 

The difference between a thermoelectric and a thermionic device lies in their fundamental physics of operation 

(Baksht et al., 1978). The thermoelectric effect can occur when two materials differ in their work functions. The 

work function is the quantity of energy which is required to remove one electron from the valence band to the 

conduction band. The promotion of the electron into the conduction band now makes it available for electrical 

work. However, the promoted electron moves in a diffusive manner. This random walk - type mobility leads to a 

current density which is smaller than its thermionic counterpart. While thermoelectrics relies upon diffusive 

electronic transfer, thermionics relies upon ballistic emissions of the electrons. These electrons have a much 

faster time of flight from the electrode through the electrolyte to the opposite electrode. In addition, the 

thermionics do not have a need for complicated structures. The system is completely established on the thermal 

gradient and the work function of the electrode collector relative to the electrode emitter. 

There three major problems that may arise from improper or mismanagement of heat energy in our 

surroundings, amongst is the health complications if most of this heat interact directly with human body. For 

instance, industrial exhaust that are just released into the atmosphere can cause medical issues such as skin 

cancer, lungs infections, or any other respiratory distress. But if properly channelled and manipulated for 

positive benefit through thermionic converter, it would be a way of maintaining ecological friendly environment 

free from the above mentioned illness.  

The second problem is that the controlled energy is not sufficient for utilization not to talk of wasting the 

resources that can be renewed to meet up daily energy demand of our society.  

Thirdly, having insufficient energy is a bad omen to economic situation of country. Therefore, thermionic 

conversion can be an alternative means to solve economic problems of developing nations. 

This study tackles the problem of energy wastage, release of harmful heat that alters the ecosystem and 

insufficient renewable energy generation. 

This is study is aimed at solving the problem of energy wastage and creating environmental friendly ecosystems 

by designing and construction of thermionic converter for renewable energy applications. By designing 

appropriate thermal driven circuitry from electronics component to initiate the system at one of the electrodes 

terminal as input to give room for thermionic emissions. After assembling the components, the system would be 

powered thermally and voltage-temperature relationship analysis will be done for documentation purposes. 

Thermionic Converters 

The first practical demonstration of thermionic converter was carried out by Wilson in 1957 using arc-mode 

caesium vapour, subsequent decades showed many applications which include combine utilisation with solar, 

combustion, radioisotope and nuclear reactor heat sources. The most employed of all these applications was the 

integration of thermionic nuclear fuel elements directly with inner chamber of reactor for power production in 

terms of electricity in space (Mills and Dahlberg, 1991; Gryaznov et al., 1989). 

The exceptionally high operating temperature of thermionic converters, which makes their practical use difficult 

in other applications, gives the thermionic converter decisive advantages over competing energy conversion 

technologies in the space power application where radiant heat rejection is required. Substantial thermionic 

space reactor development programs were conducted in the U.S., France and Germany in the period 1963–1973, 

and the US resumed a significant thermionic nuclear fuel element development program in the period 1983–

1993. 

Thermionic power systems were used in combination with various nuclear reactors (BES-5, TOPAZ) as 

electrical power supply on a number of Soviet military surveillance satellites between 1967 and 1988 (Bulletin 
of the Atomic Scientists, 1993; National Academy of Sciences, 1982)   

Although the priority for thermionic reactor use diminished as the US and Russian space programs were 

curtailed, research and technology development in thermionic energy conversion have continued. In recent 

years’ technology development programs for solar-heated thermionic space power systems were conducted. 

Prototype combustion-heated thermionic systems for domestic heat and electric power cogeneration, and 

for rectification, have been developed (van Kemenade and Veltkamp, 1994).   
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Thermionic converters are high-temperature, static heat engines that work with input temperatures extending 

from 1400° to 2200°K, and heat dismissal temperatures from 700° to 1000°K. In light of this high dismissal 

temperature, thermionic converters might be helpful as fixing gadgets for steam turbines and way of recycling 

waste heat energy in our environment. If the source of heat is nuclear energy, it would appear to be appropriate 

to assemble the converters inside the nuclear reactor. Primarily, it consists of a hot electrode that thermionically 

emits electrons over a potential energy barrier to a cooler electrode, producing a useful electric power output. A 

schematic has been shown below in Figure (1.1), that depicts the underlying phenomena in a thermionic 

converter (Gemayel, 2020). 

Gemayel, (2020) assembled thermionic converters within an outer jacket with series connection, the study 

insulated successive collectors with the help of spacers, and avoided partial contact between the outer casing and 

the collectors. The insulation must make good thermal contact with both metal pieces to conduct the 

unconverted heat to the water coolant. This heat is used to generate steam for the turbine. Because niobium has 

low neutron absorption, it was selected for the collectors and the outer fuel rod jacket. Caesium vapour is used 

to optimize the electrode work functions and provide an ion supply to neutralize the electron space charge. In 

Figure (2.1), a graphical representation has been shown which is depicting the thermionic emission from 

tungsten in caesium vapour. Niobium cannot be used for the UO2 jacket as, at high temperatures, the two 

materials react (Aamodt, Brown, & Nichols, 1962). 

 

Figure 2.1: Thermionic emission from tungsten in caesium vapour 

Base on the literature, the fundamental knowledge and performance of thermionic converter were found to be 

essentially similar compared with the feats achieved before 1970.  

Great considerations were given between the era of 1973 and 1983, as reasonable effort was geared toward the 

advancement of low-temperature thermionic converter technology with the utilization of fossil-fueled industrial 

and commercial electric power generation in US, this research proceeded till 1995 for possible space reactor and 

naval reactor applications. The research showed that enormous advancement in converter performance can be 

acquired at lower temperature of operation by introduction of oxygen to the caesium vapour (Desplat, Hansen, 

Hatch, McVey and Rasor, 1995) by suppression of electron reflection at the electrode surfaces, (Rasor, 

1998) and by hybrid mode operation.  

Russia also accomplished reasonable improvement through the use of oxygen-riched electrodes combined with 

design studied of systems employing the advanced thermionic converter performance (Yarygin, Viktor and 

Vitaliy, 2010). Recent studies (Svensson and Leif Holmlid 1992) have shown that excited Cs-atoms in 

thermionic converters form clusters of Cs-Rydberg matter which yield a decrease of collector emitting work 

function from 1.5 eV to 1.0 – 0.7 eV. Due to long-lived nature of Rydberg matter this low work function 

remains low for a long time which essentially increases the low-temperature converter’s efficiency. 

https://www.wikiwand.com/en/Rydberg_matter
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Methodology 

The thermionic system in this study consist of Peltier module (TEC-12715) which is a solid state device with 

two terminals (emitter and collector), the hot region and cool region. There is a fan as attachment to the cooling 

side to create temperature gradient with the emitter part. The thermionic converter is designed base on the 

schematic diagram shown in Figure (1.1) with modification to the driven circuit through the thermally initiated 

collector. The block diagram that describe the thermionic system is shown in Figure (3.1) with subsystem that 

makes it a complete functional system. 

 

Figure 3.1: Block Diagram of Thermionic Converter and Subsystems 

From Figure (3.1), the system is powered and driven by thermally initiated electronics circuit as shown, the 

internal components architecture of the system is described in Figure (3.2). This subsystem power the system 

through thermal source. 
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Figure 3.2: Complete Circuitry of Thermionic Converter 

The thermionic material used in this study is known as PELTIER module, the cathode terminal of this module 

receives the input signal in form of heat, and transmit the signal to the anode (collector) through a thermionic 

mechanism, thereby creating a potential difference between the two terminals. 

The emitter temperature is monitored by temperature sensor and the recorded data is instantaneously forwarded 

to data logger and displayed on the LCD. 

As there is temperature gradient between the terminals of the PELTIER module, there is also corresponding 

potential difference generated across the terminals. A voltage sensor detects this signal and forward it to the data 

logger for storage, the LCD also displays these values. There is inclusion of real time module to generation of 

instantaneous time. 

The whole subsystems activities are coordinated by the ARDUINO microcontroller with appropriate set of 

instructions. 

Results and Discussion 

After setting up the system, heat is supplied to the collector emitter section of the Peltier module the voltages 

corresponding to the temperature gradient are displayed over time in real time as displayed on the LCD. These 

data (Temperature (
o
C) and Voltage (v)) were acquired from the data logger memory and graphical analysis 

were carried out as shown in Figure (4.1).  
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Figure 4.1: Voltage/Temperature Profile of Thermionic Converter 

The profile depicted in Figure (4.1) above was clearly constructed for temperature value range of 260 
o
C – 310 

o
C and corresponding voltage responses is indicated by the curve of the profile. The relation between voltage 

and temperature follows a logarithmic pattern and this in accordance with Equation (1.1) after some 

mathematical manipulation. The voltage generated from the thermionic device was found to be proportional to 

the applied temperature at the emitter region of the system. At 259 
o
C, the voltage was found to be 5.25V as it 

rises with increase in temperature to 7.19 V at (304 – 310 
o
C). Beyond this temperature range of 304 

o
C – 310 

o
C, the voltage remains constant irrespective of the applied heat or temperature change. The point of no increase 

in voltage with increase in temperature is the limit of the system.  

Conclusion and Recommendation 

This study designed and constructed a thermionic converter for renewable energy recycling, the system is 

powered with 12volt battery and thermally initiated with gas cooker (heat source). The thermal and electrical 

characteristics were monitored with temperature and voltage sensors. Data logger is used to store the data for 

further analysis. The system consists of a real time module that takes cognisance of the real time operation of 

the system, while the Liquid crystal display visualize the output and input parameters. 

The acquired data (temperature and voltage) from the data logger were used for graphical analysis. The 

voltage/temperature profile shows the responses of the system, the highest voltage of 7.19 V generated was 

recorded at 305 
o
C where additional increase in temperature does not yield further increase in voltage. 

The system result shows that the mathematical relationship between the thermal and electrical characteristics 

was in agreement with thermionic emission equation as described by the Richardson–Dushman equation. 

With this study result, it is recommended that an amplification circuit should be designed and constructed to 

increase the system output for higher voltage applications. 
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