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Abstract: Electric propulsion (EP) represents a transformative alternative to conventional chemical 

propulsion by utilizing electrical energy to accelerate propellant to extremely high exhaust velocities. This results 

in significantly higher specific impulse (Isp) and reduced propellant mass requirements, making EP particularly 

suitable for long-duration and deep-space missions. This review provides a comprehensive overview of major EP 

technologies, including ion thrusters, Hall-effect thrusters, and magnetoplasmadynamic thrusters. It examines their 

operating principles, performance characteristics, historical evolution, and current state-of-the-art developments. 

Additionally, the paper discusses system-level integration challenges, particularly in power generation and thermal 

management. Emerging innovations, mission design considerations, and future research directions are also 

analyzed. The potential of EP in enabling interplanetary cargo transport, sustained lunar operations, and human 

missions beyond Earth orbit is critically assessed. 
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1. Introduction 

Propulsion systems are fundamental to spacecraft design and directly determine mission capability and feasibility. 

Historically, chemical propulsion has dominated spaceflight due to its high thrust, enabling launch and rapid orbital 

maneuvers. However, its relatively low specific impulse (Isp) imposes significant limitations on achievable Δv, 

particularly for deep-space missions. Electric propulsion systems overcome these limitations by utilizing electrical 

energy typically generated through solar arrays or nuclear power sources to ionize and accelerate propellant. This 

approach enables much higher exhaust velocities and improved propellant efficiency compared to conventional 

systems. As a result, EP has emerged as a critical technology for long-duration missions, deep-space exploration, 

and high-Δv trajectories increasingly required in modern space exploration architectures. This review synthesizes 

current advancements in electric propulsion technologies, outlines their fundamental principles and performance 

metrics, examines system integration challenges, and evaluates their present and future roles in space missions. 

2. Fundamentals of Electric Propulsion 

2.1. Operating Principles 

Electric propulsion systems generate thrust by accelerating charged particles, typically ions, using electric 

and/or magnetic fields. Unlike chemical propulsion, which relies on thermodynamic expansion of combustion gases, 

EP directly imparts energy to propellant particles through electromagnetic interactions. 

• Electric propulsion technologies can be broadly classified into three categories: 

• Electrostatic thrusters, which accelerate ions using static electric fields (e.g., ion engines) 

• Hall-effect thrusters, which employ crossed electric and magnetic fields to sustain ionization and 

accelerate plasma 
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• Electromagnetic thrusters, which utilize Lorentz forces acting on plasma currents (e.g., 

magnetoplasmadynamic thrusters) 

 

2.2. Thruster Categories 

Ion Thrusters 

Ion thrusters, such as NASA’s NSTAR and NEXT systems, utilize electrostatic grids to accelerate ions to high 

velocities. These systems achieve very high specific impulse (typically several thousand seconds) but produce 

relatively low thrust due to power constraints. Notable missions, including Deep Space 1 and Dawn, successfully 

demonstrated the capability of ion propulsion to achieve large Δv values, enabling trajectories that would be 

impractical with chemical propulsion alone. 

Hall-Effect Thrusters (HETs) 

Hall-effect thrusters operate using a combination of electric and magnetic fields that induce an azimuthal 

electron drift (Hall current). This mechanism sustains plasma ionization while accelerating ions through an electric 

field. HETs provide a balance between thrust and efficiency, making them widely used for satellite station-keeping, 

orbit raising, and in-space maneuvering. Since their first deployment in the 1970s, Hall thrusters have 

demonstrated extensive flight heritage, with hundreds of operational units in orbit. 

Magnetoplasmadynamic (MPD) Thrusters 

MPD thrusters generate thrust by driving current through a plasma in the presence of a magnetic field, 

producing acceleration via Lorentz forces. These systems offer the potential for both high thrust and high specific 

impulse; however, their practical application is currently limited by the requirement for very high-power levels. As 

such, MPD thrusters are primarily considered for future high-power missions, particularly those involving nuclear 

electric propulsion. 

2.3. Key Performance Metrics 

The performance of electric propulsion systems is typically evaluated using the following parameters: 

• Thrust (N): The force generated by the propulsion system 

• Specific Impulse (Isp): A measure of propellant efficiency, proportional to exhaust velocity 

• Thrust-to-Power Ratio: The amount of thrust produced per unit of input power 

• Efficiency: The fraction of electrical energy converted into kinetic energy of the exhaust plume 

3. Historical and Current Applications 

Electric propulsion (EP) has undergone a significant evolution from early laboratory-scale experiments to a 

mature and widely adopted technology in both scientific and commercial space missions. Its development reflects 

continuous advancements in plasma physics, power electronics, and spacecraft system integration. Early 

experimental validation of EP technologies was achieved through the Space Electric Rocket Test (SERT) missions 

conducted in the 1960s. These missions provided the first in-space demonstrations of ion thrusters, establishing 

the feasibility of sustained electrostatic propulsion in the space environment and laying the foundation for future 

developments. 

A major milestone in operational deployment was achieved with Deep Space 1 (1998–2001), which served as 

a technology demonstration mission for solar electric propulsion. It successfully validated the performance and 

reliability of ion thrusters in deep-space conditions, marking the first use of EP as a primary propulsion system for 

an interplanetary mission. The Dawn mission (launched in 2007) further demonstrated the transformative capability 

of EP by becoming the first spacecraft to orbit multiple extraterrestrial bodies Vesta and Ceres using ion propulsion. 

This mission highlighted EP’s ability to enable complex, high-Δv trajectories that would be impractical with 

conventional chemical propulsion. 

In parallel, Hall-effect thrusters were successfully demonstrated in lunar missions such as SMART-1, which 

utilized EP for orbit transfer and operations around the Moon. This mission validated the application of Hall thrusters 

in planetary exploration and long-duration mission scenarios. In the commercial sector, EP has become a standard 

technology for geostationary and low-Earth orbit satellites. Hall-effect thrusters are extensively used for station-

keeping, orbit raising, and end-of-life disposal maneuvers due to their favorable balance between efficiency and 

thrust. The widespread adoption of all-electric and hybrid propulsion architectures in modern satellites underscores 

the economic and operational advantages of EP systems. More recently, space agencies such as NASA have been 
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advancing high-power EP technologies for human exploration initiatives. Notably, the development of solar electric 

propulsion (SEP) systems for the lunar Gateway program represents a critical step toward integrating EP into 

crewed missions. These systems are designed to operate at power levels significantly higher than traditional 

spacecraft, enabling cargo transport, deep-space logistics, and sustained cislunar operations. Overall, the historical 

progression of electric propulsion demonstrates its transition from experimental validation to a cornerstone 

technology for modern and future space exploration. 

 

Figure 1: Timeline of major electric propulsion missions and technological milestones. 

4. State-of-the-Art Electric Propulsion Technologies 

4.1. High-Power Ion and Hall Systems 

Recent advancements in electric propulsion have focused on the development of high-power systems capable 

of supporting deep-space exploration and large-scale cargo transport missions. Modern ion thrusters, such as 

NASA’s NEXT-C (Evolutionary Xenon Thruster–Commercial), represent a significant improvement over earlier 

generations in terms of efficiency, operational lifetime, and total impulse capability. Similarly, advanced Hall-effect 

thrusters, including systems in the PPS (Plasma Propulsion System) series, have demonstrated enhanced 

performance through improved magnetic field design, optimized channel materials, and higher power handling 

capabilities. These systems are now routinely operating in the kilowatt range and are being scaled toward tens of 

kilowatts and beyond. 

Key technological advancements in high-power EP systems include: 

• Extended operational lifetimes, achieved through reduced component erosion and improved cathode 

technologies 

• Higher power scalability, enabling operation at >10 kW levels for deep-space missions 

• Improved efficiency, through optimized plasma confinement and reduced energy losses 

• Alternative propellants, such as krypton and iodine, which offer cost and storage advantages over 

xenon 

 

These developments are critical for future mission architecture, including nuclear electric propulsion (NEP) 

concepts, which may require megawatt-class power systems for human missions to Mars and beyond. 

4.2. Miniaturized Electric Propulsion for Small Satellites 

In parallel with high-power system development, significant progress has been made in the miniaturization of 

electric propulsion technologies for small satellites, including CubeSats and nanosatellites. These platforms impose 

strict constraints on mass, volume, and power, necessitating highly compact and efficient propulsion solutions. 

Miniaturized EP systems, such as micro-ion thrusters, miniature Hall thrusters, and electrospray (colloid) thrusters, 

can produce thrust in the micro-Newton to milli-Newton range. Despite their low thrust levels, these systems 

provide exceptionally high precision, making them well-suited for applications such as: 

• Fine attitude control and pointing stability 

• Formation flying and satellite constellations 

• Orbit maintenance and drag compensation in low-Earth orbit 

• Small-scale orbital transfers 
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Recent innovations in microfabrication, additive manufacturing, and integrated electronics have enabled the 

development of highly compact propulsion units with improved reliability and performance. Additionally, the use 

of alternative propellants and simplified feed systems has reduced system complexity, making EP more accessible 

for commercial small satellite missions. The growing demand for large satellite constellations and distributed space 

systems is expected to further accelerate the adoption of miniaturized EP technologies. 

 

Figure 2: Power scaling comparison between traditional and miniaturized EP systems 

5. Power Systems Integration 

Electric propulsion (EP) systems fundamentally depend on the continuous availability of electrical power, which 

directly governs thrust magnitude, efficiency, and overall mission capability. Unlike chemical propulsion, where 

energy is stored in propellants, EP relies on external power generation systems, making power subsystem design 

a critical element of spacecraft architecture. 

The primary power sources for EP systems include: 

• Solar arrays, which are widely used for missions within the inner solar system, typically up to Mars orbit. 

Advances in high-efficiency photovoltaic technologies and deployable array structures have enabled 

kilowatt-class power generation suitable for most current EP applications. 

• Nuclear power systems, including radioisotope and fission-based reactors, which are essential for high-

power EP missions beyond Mars, where solar irradiance becomes insufficient. Nuclear electric propulsion 

(NEP) systems are particularly promising for deep-space exploration and sustained high-power operation. 

 

The integration of EP with spacecraft power systems introduces several engineering challenges: 

• Power conditioning and distribution, requiring efficient conversion of generated power into forms 

suitable for thruster operation (e.g., high-voltage supplies for ion acceleration) 

• Thermal management, due to significant waste heat generated by both power systems and propulsion 

units, necessitating advanced radiators and heat dissipation strategies 

• Scalability, particularly for future missions requiring megawatt-class power levels to support cargo 

transport or crewed interplanetary travel 

• System reliability and redundancy, given the long operational durations typical of EP-driven missions 

 

Addressing these challenges is essential for enabling next-generation mission architectures that rely on sustained, 

high-power electric propulsion 

6. Mission Design with Electric Propulsion 

Electric propulsion enables a fundamentally different approach to mission design compared to conventional 

impulsive chemical propulsion. By providing continuous low-thrust acceleration over extended durations, EP 

systems allow spacecraft to achieve high total velocity increments (Δv) with significantly reduced propellant mass. 
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This continuous-thrust paradigm results in non-Keplerian, spiral-like trajectories, which require advanced trajectory 

optimization techniques and mission planning methodologies. While EP systems are generally unsuitable for high-

thrust requirements such as launch or rapid escape from low Earth orbit (LEO), they are highly effective in mission 

phases where gradual acceleration is acceptable. 

Key applications of EP in mission design include: 

• Interplanetary transfer trajectories, where long-duration thrusting maximizes propellant efficiency 

• Orbit raising and circularization, particularly for satellites transitioning from transfer orbits to operational 

orbits 

• Station-keeping, enabling precise maintenance of orbital position over extended periods 

• Orbit modification and inclination changes, which would otherwise require prohibitively large propellant 

masses with chemical propulsion 

The trade-off between low thrust and high efficiency necessitates careful optimization of mission timelines, power 

availability, and propulsion system performance. As a result, EP-based missions often involve longer transfer 

durations but achieve substantial mass savings and increased payload capacity. 

7. Technological Challenges 

Despite its significant advantages, electric propulsion faces several critical technological challenges that must 

be addressed to fully realize its potential in future space missions. 

7.1. Component Erosion and Lifetime Limitations 

One of the primary limitations of EP systems is the gradual erosion of critical components, such as ion 

accelerator grids and discharge channel walls in Hall thrusters. This erosion is primarily caused by high-energy ion 

bombardment and plasma–surface interactions, which can degrade performance and ultimately limit operational 

lifetime. 

7.2. Thrust Scaling and Power Limitations 

Scaling EP systems to higher thrust levels remains a significant challenge, as thrust is inherently 

constrained by available electrical power. High-power operation introduces additional complexities, including 

plasma instabilities, material degradation, and increased thermal loads. 

7.3. Power and Thermal Management 

Efficient management of electrical power and waste heat is essential for reliable EP operation. As system 

power increases, thermal control becomes increasingly difficult, requiring advanced radiator designs and heat-

resistant materials to maintain system stability. 

7.4. Propellant Storage and Handling 

The storage and management of propellants, particularly noble gases such as xenon, present logistical and 

economic challenges. High storage pressures, tank mass, and propellant cost motivate the exploration of alternative 

propellants and storage methods. 

8. Emerging Trends and Innovations 

Ongoing research and technological innovation are rapidly advancing the capabilities of electric propulsion 

systems, positioning them as a cornerstone of future space exploration architectures. 

8.1. Alternative Propellants 

The use of alternative propellants, such as krypton and iodine, is gaining significant attention as a means 

of reducing cost, improving storage efficiency, and enhancing system performance. Iodine, in particular, offers 

advantages in terms of high storage density and simplified feed systems, making it attractive for small satellite 

applications. 

8.2. Advanced Plasma Diagnostics and Modeling 

Recent developments in plasma diagnostics and high-fidelity computational modeling are enabling a 

deeper understanding of plasma behavior within thrusters. These tools facilitate improved design optimization, 

enhanced performance prediction, and more effective mitigation of instabilities and erosion processes. 
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8.3. Additive Manufacturing and Advanced Materials 

Additive manufacturing techniques are increasingly being employed to fabricate complex thruster 

components with high precision and reduced cost. These methods enable innovative geometries, improved thermal 

management structures, and rapid prototyping of advanced designs. 

8.4. High-Power and Nuclear Electric Propulsion 

The development of high-power EP systems, including those integrated with nuclear energy sources, represents 

a major frontier in propulsion technology. Such systems have the potential to enable rapid cargo transport, 

sustained human presence beyond Earth orbit, and missions to the outer planets and beyond. 

 

Figure 3. Emerging propellant performance comparison 

9. Future Directions and Outlook 

Electric propulsion (EP) is positioned to play a central role in the next generation of space exploration, driven 

by its superior propellant efficiency, scalability, and compatibility with advanced power systems. As mission 

architectures evolve toward sustained deep-space operations and human exploration beyond Earth orbit, EP 

technologies are expected to become increasingly indispensable. One of the most significant future applications of 

EP lies in large-scale cargo transport, where high-power propulsion systems can be employed to move substantial 

payloads between Earth orbit, the Moon, and Mars. Such systems, operating in the tens to hundreds of kilowatts 

range and potentially extending to megawatt-class power levels could enable cost-effective and sustainable 

logistics for long-duration exploration missions. 

 In the context of human spaceflight, EP is anticipated to be a key enabler of crewed missions to Mars and 

beyond. In particular, the integration of nuclear electric propulsion (NEP) systems offers the potential to achieve 

higher thrust levels while maintaining high specific impulse, thereby reducing transit times and enhancing mission 

safety. These capabilities are critical for minimizing crew exposure to radiation and microgravity during 

interplanetary travel. Electric propulsion is also expected to expand the scope of robotic exploration missions, 

especially in the outer solar system. EP-enabled spacecraft can undertake complex, multi-target missions to 

destinations such as the moons of Jupiter and Saturn, as well as distant Kuiper Belt objects. The ability to sustain 

long-duration, high-efficiency thrusting makes EP particularly well-suited for missions requiring extensive 

maneuvering and orbital insertion around multiple bodies. 

Despite these promising prospects, the realization of EP’s full potential depends on continued advancements in 

several key areas, including: 

• High-efficiency and high-density power generation systems 

• Extended thruster lifetimes and erosion-resistant materials 

• Scalable propulsion architectures for high-power operation 

• Advanced mission design and trajectory optimization techniques 
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Progress in these domains will ultimately determine the extent to which electric propulsion can support ambitious 

future missions, ranging from cislunar infrastructure to deep-space human exploration. 

10. Conclusions 

Electric propulsion has evolved into a mature and highly versatile class of propulsion technologies, offering 

substantial advantages over conventional chemical systems in terms of efficiency, flexibility, and mission 

adaptability. Its ability to deliver high specific impulse and enable sustained low-thrust operation has already 

transformed mission design in both scientific and commercial space sectors. As demonstrated by its growing 

adoption in satellite operations and deep-space missions, EP is no longer a niche technology but a foundational 

component of modern space systems. Ongoing advancements in high-power propulsion, alternative propellants, 

and system integration continue to expand its operational envelope and applicability. Looking forward, the 

convergence of electric propulsion with advanced power generation technologies particularly solar and nuclear 

systems will play a decisive role in shaping the future of space exploration. From enabling sustainable lunar 

operations to supporting crewed missions to Mars and beyond, EP is poised to become a cornerstone technology 

in the development of a long-term human presence in space. 
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