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Part 1 
Introduction 
Since the dawn of space exploration, engineers and scientists have grappled with one of the most 
critical questions in spacecraft design: How do we power systems reliably and efficiently in the 
unforgiving environment of space? 
 
Electrical power is not an optional subsystem—it is the lifeblood of every mission. Without 
reliable power, a spacecraft cannot maintain communications, regulate temperature, operate life-
support systems, or perform scientific observations. In crewed missions, the stakes are even 
higher: power means survival. 
 
But space is an environment where energy generation and storage face unique challenges. There 
is no atmosphere for combustion. Sunlight varies dramatically with orbital position, latitude, and 
distance from the Sun. Eclipses can last minutes in low Earth orbit or weeks on the lunar surface. 
Thermal extremes swing from blistering sunlight to deep cold in shadow. Launch mass and 
volume are at an absolute premium, every kilogram scrutinized for cost and feasibility. 
 
This harsh reality has forced engineers to seek solutions that maximize energy density, 
reliability, safety, and sustainability while minimizing mass, complexity, and cost. 
 
Throughout the history of spaceflight, two core technologies have dominated the design of 
electrical power systems: fuel cells and batteries. Their trade-offs have shaped mission 
architectures, influenced budgets, and even determined the success or failure of entire programs. 
 
Fuel cells and batteries are both electrochemical systems, but they work in fundamentally 
different ways. Fuel cells generate electricity on demand by reacting a fuel and an oxidizer—
typically hydrogen and oxygen—producing water and heat as byproducts. As long as reactants 
are supplied, power generation can continue indefinitely. Batteries, on the other hand, store a 
fixed amount of energy chemically, delivering it when needed but requiring recharging (for 
secondary batteries) or replacement once depleted (for primary batteries). 
 
These differences are not merely academic - they directly impact how missions are planned and 
executed. 
 
For example, NASA’s choice to use fuel cells in the Apollo missions was a deliberate solution 
to multiple challenges. Apollo needed a reliable, continuous source of power for a spacecraft 
operating far from Earth, without large solar arrays, through periods of darkness. Fuel cells 
provided high energy density for the mass invested, and crucially, they produced drinkable water 



as a byproduct—solving two problems in one. This water production capability reduced the 
amount of consumable mass that needed to be launched, a critical consideration when launching 
to the Moon. 
 
 
Meanwhile, batteries have become indispensable for uncrewed satellites and small 
spacecraft. In Earth orbit, reliable sunlight enables solar arrays to act as the primary energy 
source, with batteries providing storage for eclipse periods and peak loads. Rechargeable 
batteries—especially modern lithium-ion cells—have matured into high-energy-density, 
relatively low-cost solutions that are easy to integrate, require no moving parts, and pose well-
understood failure modes. CubeSats, for instance, almost universally rely on solar-recharged 
batteries to keep systems simple, compact, and affordable. 
 
These design choices are not static—they reflect the constraints and priorities of their eras. 
Apollo’s fuel cells were cutting-edge for the 1960s and perfectly suited to deep-space transit 
where solar was unavailable and mission duration was limited. By contrast, the International 
Space Station operates in continuous low Earth orbit with sunlight on almost every orbit; it uses 
expansive solar arrays with large rechargeable battery banks, a sustainable and renewable 
solution for multi-decade operation. 
 
Today, the trade-off between fuel cells and batteries is being redefined once again. 
Technological advances are blurring traditional lines. Lithium-ion batteries have greatly 
improved in energy density and cycle life, making them more competitive for longer-duration 
missions. Solid-state batteries promise even higher safety and energy density. Meanwhile, fuel 
cell technology is evolving too: regenerative fuel cells combine electrolysis and fuel-cell 
operation in one system, enabling solar energy to split water during the day and recombine it at 
night for power - a potential game-changer for surviving the two-week-long lunar night without 
massive battery banks. 
 
Moreover, mission planners are looking to in-situ resource utilization (ISRU) to close the 
sustainability loop. Extracting lunar ice or Martian subsurface water to produce hydrogen and 
oxygen could enable local production of fuel cell reactants, drastically reducing launch mass and 
enabling semi-permanent habitats. In such concepts, fuel cells are not simply generators—they 
are integral to life-support and resource cycles. 
 
As humanity prepares for sustained lunar bases, Mars expeditions, and deep-space habitats, the 
fundamental question remains: How do we power these missions safely, reliably, and 
sustainably? 
 
The answer will not be one-size-fits-all. It will involve nuanced trade studies balancing mass, 
cost, complexity, mission duration, crew safety, environmental hazards, and sustainability goals. 
It will likely involve hybrid architectures that combine solar arrays, batteries, fuel cells 
(especially regenerative types), nuclear systems, and ISRU in integrated designs. 
 
This article explores the technological foundations, historical context, mission applications, and 
future prospects of fuel cells and batteries in spaceflight. We will examine why NASA famously 



used fuel cells in the Apollo program, why batteries have become essential for satellites and 
small spacecraft, and how emerging technologies are redefining this trade-off in the 21st 
century. 
By understanding these trade-offs in detail, mission designers and engineers can make informed 
choices that support the next generation of space exploration—choices that will enable humanity 
to not just visit other worlds, but live on them sustainably. 

1. Historical Context: Powering Spacecraft from the 
Beginning 
1.1 The Essential Role of Electrical Power in Spaceflight 
Spacecraft—crewed or uncrewed—are systems of systems that all depend on electrical power: 

• Avionics: Navigation, guidance, flight computers 
• Communications: Radios, antennas, data relays 
• Thermal control: Heaters, pumps, radiators 
• Scientific instruments: Sensors, cameras, spectrometers 
• Propulsion support: Valves, pumps, attitude thrusters 
• Life support: Air circulation, oxygen generation, CO₂ scrubbing, water purification, 

lighting, food preparation 
 
Without reliable power, no spacecraft can operate. 

• For uncrewed satellites, power ensures mission lifetime and data return. 
• For crewed spacecraft, power is literally survival. 

 
1.2 Why Space Power Systems are Challenging 
Earth-based power systems can tap virtually unlimited resources: 

• Fossil fuels 
• Nuclear power 
• Grid infrastructure 

 
Spacecraft can’t do that. They have strict constraints: 

• Mass: Every kg launched is expensive. 
• Volume: Limited by launch fairings, structural envelopes. 
• Environment: Vacuum, microgravity, radiation, extreme thermal swings. 
• Autonomy: Limited or no servicing for many missions. 
• Duration: Varies from minutes (suborbital) to decades (deep-space probes). 
• Engineering must deliver reliable, safe, efficient power systems within these constraints. 

 
1.3 Historical Evolution of Space Power Systems 
Early missions (1950s–1960s): 
 

1. Mercury (USA), Vostok (USSR): 
• Short duration (hours). 
• Used primary batteries (non-rechargeable). 



• Simple, reliable. 
2. Gemini (USA): 

• Multi-day flights (~14 days). 
• Batteries too heavy → adopted alkaline fuel cells. 

3. Apollo: 
• CSM used cryogenic reactant fuel cells → power + water production. 
• LM used silver-zinc batteries → lighter for short surface missions. 

4. Space Shuttle (1981–2011): 
• Reusable → fuel cells for continuous power and water generation. 

 
Uncrewed satellites and probes: 

1. Early satellites: 
• NiCd or Ag-Zn batteries. 
• Solar panels for indefinite missions. 

2. Modern satellites: 
• Nickel-hydrogen or lithium-ion rechargeable batteries. 
• Solar arrays standard for generation. 

3. Deep-space missions: 
• RTGs (radioisotope generators) for continuous power far from the Sun. 
• Batteries for peak loads and data transmission bursts. 

 
1.4 Fundamental Operating Principles 

1. Fuel Cells: 
• Electrochemical devices. 
• Combine hydrogen and oxygen → produce electricity, water, and heat. 
• Reaction: 2H₂ + O₂ → 2H₂O + energy. 
• Require continuous reactant supply. 
• High specific energy (energy per kg of reactants). 

2. Batteries: 
• Electrochemical cells storing electrical energy as chemical potential. 
• Discharge releases energy via redox reactions. 
• Primary batteries: Non-rechargeable, fixed capacity. 
• Secondary batteries: Rechargeable → store energy from solar arrays, RTGs, etc. 
• Energy density limited by chemistry. 

3. Key difference: 
• Fuel cells generate power as long as fuel is supplied. 
• Batteries store a fixed amount of energy, unless recharged. 

 
1.5 The Engineering Trade Space 
Mission designers face a multi-dimensional optimization problem: 

• Energy density vs. mass 
• Complexity vs. reliability 
• Consumables vs. renewables 
• Cost vs. performance 
• Safety vs. capability 



• Integration with life support and other systems 
• There is no universal best choice. 

 
Example: 

• Lunar night (~14 days of darkness): 
o Massive battery banks? 
o Fuel cells with reactant storage? 
o Nuclear power? 

• Low Earth Orbit (LEO) satellites: 
o Reliable solar power every orbit → rechargeable batteries ideal. 

 
Each mission’s requirements and constraints drive the optimal solution. 
 
1.6 Why This Comparison Matters Today 
As exploration moves beyond LEO to Moon, Mars, and beyond: 

• Crewed lunar bases must survive long nights without sunlight. 
• Mars habitats face dust storms blocking solar input. 
• Deep-space transit habitats may have limited solar intensity. 
• Water production and life support integration become critical. 
• Resupply from Earth becomes cost-prohibitive. 
• Sustainability demands closed-loop, mass-efficient, reliable power systems. 
• Fuel cells and batteries will both be essential—often in hybrid architectures combining: 

o Solar arrays 
o Batteries 
o Fuel cells (including regenerative designs) 
o ISRU integration 

 
1.7 Goals of This Analysis 
Provide mission designers with a structured framework to compare fuel cells and batteries: 

• Understand technical principles: how each works, where each excels. 
• Examine historical missions to see real-world choices. 
• Explore performance criteria: energy density, power output, mass, complexity, cost, 

safety. 
• Discuss emerging technologies: regenerative fuel cells, solid-state batteries, ISRU 

integration. 
• Help plan sustainable exploration architectures for the Moon, Mars, and beyond. 

 
1.8 Key Takeaway 

• This is not a choice of either/or. 
• It is about matching the right technology, or combination, to the mission. 
• Future space exploration will depend on smart integration of fuel cells, batteries, solar 

arrays, ISRU systems, and advanced management strategies to ensure: 
o Safety 
o Reliability 
o Affordability 
o Sustainability 



o Mission success 

2. How Fuel Cells Work 
A fuel cell is an electrochemical device that converts the chemical energy of a fuel and an 
oxidizer directly into electricity, heat, and reaction products (most often water) through redox 
reactions. Unlike combustion engines, there is no flame and no intermediate mechanical step—
just direct chemical-to-electrical conversion. 

Fuel cells are of great interest in spaceflight because they can continuously generate power as 
long as reactants are available, offering a very high energy density compared to batteries alone. 

2.1 The Electrochemistry of Fuel Cells 

At the heart of a fuel cell is an electrochemical cell with two electrodes (anode and cathode) 
separated by an electrolyte. 

For alkaline fuel cells (AFCs), used in most historical space missions (Gemini, Apollo, Shuttle), 
the reactions are: 

Anode reaction (oxidation of hydrogen): 

H2+2OH−→2H2O+2e−\mathrm{H}_2 + 2\mathrm{OH}^- \rightarrow 
2\mathrm{H}_2\mathrm{O} + 2e^-H2+2OH−→2H2O+2e−  

Cathode reaction (reduction of oxygen): 

O2+2H2O+4e−→4OH−\mathrm{O}_2 + 2\mathrm{H}_2\mathrm{O} + 4e^- \rightarrow 
4\mathrm{OH}^-O2+2H2O+4e−→4OH−  

Overall cell reaction: 

2H2+O2→2H2O2\mathrm{H}_2 + \mathrm{O}_2 \rightarrow 
2\mathrm{H}_2\mathrm{O}2H2+O2→2H2O  

Key points: 

• Ions (OH⁻) travel through the electrolyte, maintaining charge balance. 
• Electrons flow through an external circuit, doing useful work (powering spacecraft 

systems). 

 

 



2.2 Physical Construction of a Fuel Cell 

2.3 Types of Fuel Cells Considered for Spaceflight 

While many fuel cell chemistries exist, spaceflight has traditionally used alkaline fuel cells for 
their high efficiency and maturity. Here's a brief technical comparison: 

Fuel Cell Type Advantages Disadvantages 

Alkaline (AFC) High efficiency (~60%), 
proven in space 

Sensitive to CO₂ contamination, 
liquid KOH handling 

PEM (Proton Exchange 
Membrane) 

Lower temperature operation, 
simpler sealing 

Lower efficiency, water 
management critical 

Solid Oxide (SOFC) Very high efficiency, fuel 
flexibility 

High operating temps (>700 °C), 
slow start-up 

Regenerative Fuel Cells Rechargeable by electrolysis System complexity, mass penalty 
for tanks 

NASA’s space missions historically chose AFCs because: 

• They operate at ~200 °F (93 °C), manageable for spacecraft cooling systems. 
• They produce water as a byproduct—a vital consumable for crewed missions. 
• Their technology was well-understood and reliable. 

2.4 Energy Density and Storage Considerations 

Fuel cells in space don't store energy the way batteries do. Instead: 

• Hydrogen and oxygen are stored separately in cryogenic or high-pressure tanks. 
• These tanks supply the fuel cell on demand. 
• Energy density is effectively governed by the storage method: 

o Liquid hydrogen (~120 MJ/kg) 
o Liquid oxygen (~13 MJ/kg) 

When combined in a fuel cell system (including tanks, plumbing, and safety margins), the 
overall specific energy can still exceed batteries—especially important for long-duration 
missions. 

This is a key advantage for spacecraft that need weeks or months of sustained power without 
solar charging (e.g., during lunar night or in shadowed environments). 

 

 



2.5 Water Production for Life Support 

One of the most critical advantages of fuel cells in crewed missions is water generation: 

• Each kilogram of hydrogen yields about 9 kg of water when reacted with oxygen. 
• Apollo fuel cells produced ~22 liters of water per day for the crew. 
• This reduced the mass of water that had to be launched from Earth. 

This dual-use—power and water—was essential for the closed-loop life support strategy of 
missions like Apollo and Shuttle. 

2.6 Heat Production and Thermal Management 

The fuel cell reaction is exothermic: 

ΔH=−285.8 kJ/mol H2\Delta H = -285.8 \text{ kJ/mol H}_2ΔH=−285.8 kJ/mol H2  

Not all this energy becomes electricity (efficiency ~50–60%). The rest becomes heat, which 
must be: 

• Collected via heat exchangers 
• Dumped into space via radiators 

Spacecraft designers must integrate the fuel cell into the overall thermal control system (TCS) 
to maintain safe operating temperatures for the stack and surrounding systems. 

2.7 System-Level Integration 

A functional fuel cell power system on a spacecraft includes: 
• Reactant storage tanks (cryogenic or pressurized) 
• Reactant delivery system (valves, pumps, regulators) 
• Fuel cell stack 
• Water management subsystem (for potable use or disposal) 
• Thermal management system 
• Electrical power conditioning and distribution 

This complexity is greater than that of a battery system but allows for: 

• Continuous power generation over long periods 
• Flexible mission planning (since reactant mass can be adjusted for mission duration) 

 

 



2.8 Fuel Cell Performance Metrics 

Engineers typically assess fuel cells using: 

• Specific power (W/kg): Power per unit mass of system. 
• Specific energy (Wh/kg): Energy available per unit mass of reactants + system. 
• Efficiency: Fraction of chemical energy converted to electricity. 
• Reliability: Failure rates over mission life. 
• Operating temperature and pressure: Impact on spacecraft design. 

Apollo’s fuel cells, for example: 

• Power output: ~1.5 kW continuous per cell 
• System efficiency: ~50% 
• Operating temperature: ~200 °F 
• Water production: ~1.4 kg/kWh 

2.9 Fuel Cells in Modern Concepts 

Although the Shuttle was the last major NASA vehicle to rely exclusively on fuel cells, new 
mission concepts still consider them: 

• Lunar surface systems: Fuel cells provide power through the 14-day lunar night when 
solar power is unavailable. 

• Regenerative fuel cells: Enable "recharging" by electrolyzing water during sunlight 
periods on the Moon or Mars. 

These concepts blend the high energy density of fuel cells with the renewability of solar power, 
offering a path to sustainable off-world infrastructure. 

2.10 Summary of Advantages in Spaceflight 

• Continuous power as long as fuel is available 
• Very high energy density for long missions 
• Water production for life support 
• Proven, reliable technology (AFC heritage) 

Trade-offs include system complexity, mass for tanks and plumbing, and the need for careful 
thermal management. 

3. How Batteries Work 
Batteries are electrochemical energy storage devices that store energy in chemical form and 
deliver it as electrical energy on demand. In spacecraft, batteries are critical for providing power 
during periods when solar or other generation is unavailable (eclipse periods, peak loads), or as 



the primary source on missions where no generation is feasible (short duration flights, planetary 
rovers during night cycles). 
 
3.1 Fundamental Electrochemistry 
A battery cell has: 

• Anode (negative electrode): Where oxidation occurs during discharge. 
• Cathode (positive electrode): Where reduction occurs during discharge. 
• Electrolyte: Ion-conducting medium separating anode and cathode. 
• Separator: Prevents electrical short while allowing ion flow. 

 
General discharge reaction: 
Anode+Cathode→Products+Electricity\text{Anode} + \text{Cathode} \rightarrow 
\text{Products} + \text{Electricity}Anode+Cathode→Products+Electricity  
Electrons flow through the external circuit, powering spacecraft systems, while ions move 
through the electrolyte to maintain charge neutrality. 
 
3.2 Primary vs. Secondary Batteries 
Primary batteries: 

• Non-rechargeable. 
• Used where simplicity and reliability are paramount. 
• Example: Silver-zinc batteries on Apollo Lunar Modules. 

Secondary (rechargeable) batteries: 
• Can be recharged via external power (solar arrays, RTGs, fuel cells). 
• Enable long-duration missions. 
• Dominant choice for modern spacecraft. 

 
3.3 Key Battery Chemistries in Spaceflight 
3.3.1 Silver-Zinc (Ag-Zn) 

• High specific energy (~100–150 Wh/kg). 
• Excellent reliability. 
• Short cycle life (tens of cycles). 
• Used in Apollo Lunar Modules and EVA life support packs. 

 
Pros: High energy density, mature technology. 
Cons: Limited rechargeability, cost. 
 
3.3.2 Nickel-Cadmium (NiCd) 

• Energy density ~40–60 Wh/kg. 
• Robust, long cycle life (>1000 cycles). 
• Used in early satellites, Hubble Space Telescope. 

 
Pros: Proven, tolerant of abuse. 
Cons: Memory effect, lower energy density. 
 
3.3.3 Nickel-Hydrogen (NiH2) 

• Energy density ~60–85 Wh/kg. 



• Very long cycle life (10,000+ cycles). 
• Used on ISS, many GEO satellites. 

 
Pros: Excellent longevity, tolerance for deep cycling. 
Cons: Pressure vessels needed (H2 gas storage). 
 
3.3.4 Lithium-Ion (Li-ion) 

• Energy density ~150–250 Wh/kg. 
• High voltage (3.6–3.7 V per cell). 
• Most popular choice for modern spacecraft, including Dragon and Orion. 

 
Pros: High energy density, low weight. 
Cons: Thermal management critical (risk of thermal runaway). 
 
3.4 Discharge and Charge Behavior 

• Discharge curves depend on chemistry. 
• Li-ion: Relatively flat voltage plateau, good for power conditioning. 
• NiCd/NiH2: More gradual slope. 
• State of Charge (SOC) monitoring is essential for mission planning. 

 
Charge cycle limitations: 

• Overcharging → Gas evolution, thermal stress. 
• Undercharging → Capacity loss. 
• Spacecraft use sophisticated Battery Management Systems (BMS) to control voltage, 

current, and temperature. 
 
3.5 Energy Density vs. Power Density 

• Energy Density (Wh/kg): Total stored energy. 
• Power Density (W/kg): How fast energy can be delivered. 

 
Trade-off: 

• Higher energy density cells may have lower power density. 
• High-power applications (thruster valves, radar bursts) may need specialized cells or 

capacitor augmentation. 
 
Example: 

• Li-ion packs designed for steady spacecraft loads vs. high-rate cells for rover wheel 
actuators. 

 
3.6 Thermal Management Challenges 
Batteries generate heat during: 

• Charge/discharge (Joule heating). 
• Parasitic reactions (especially at high or low temperatures). 

In space: 
• No convective cooling. 
• Heat must be radiated away. 



• Batteries often mounted on radiators or have embedded heat pipes. 
Thermal runaway risk: 

• Particularly for Li-ion cells. 
• Battery packs are equipped with thermal cutoffs, fuses, venting systems, and thermal 

sensors. 
3.7 Radiation Effects 
Space batteries must operate in: 

• High vacuum. 
• Wide temperature swings. 
• Ionizing radiation (trapped belts, cosmic rays, solar storms). 

Radiation can: 
• Degrade electrolytes. 
• Cause dendrite formation. 
• Change capacity over time. 

Design mitigations: 
• Shielding. 
• Radiation-hardened chemistries. 
• Conservative derating. 

 
3.8 Battery System Architecture in Spacecraft 
A spacecraft battery system is more than just cells: 

• Cell arrays: Series and parallel configurations for voltage and capacity. 
• BMS: Monitors SOC, voltage, current, temperature; protects against 

overcharge/discharge. 
• Thermal Control: Heat spreaders, heaters for cold soak, radiators. 
• Structural Enclosure: Vibration resistance for launch. 
• Safety Systems: Venting, fuses, thermal interrupt devices. 

 
Example for ISS: 

• Early ISS batteries: NiH2, large pressure vessels. 
• Replaced with Li-ion packs with advanced BMS and improved thermal control. 

 
3.9 Mission Profiles and Battery Design 
Battery sizing and selection depend on: 
 
Mission duration 

• Short burst power? → High-power cells. 
• Long eclipses? → High-capacity cells. 

Recharge capability 
• Solar array availability. 
• RTG backup. 

Load profile 
• Continuous low-load electronics. 
• Peak loads (radar, communications). 

Environment 
• Deep space: Extreme cold, radiation. 



• LEO: Frequent thermal cycling. 
 
3.10 Batteries in Spacecraft Heritage 

• Mercury, Gemini: Silver-zinc primary cells for short flights. 
• Apollo Lunar Module: Silver-zinc batteries as primary power (no fuel cells onboard 

LM). 
• Satellites: NiCd, NiH2, now Li-ion. 
• ISS: Transition from NiH2 to Li-ion in 2017–2020. 
• Mars Rovers: 

o Spirit/Opportunity: Solar + rechargeable batteries. 
o Curiosity/Perseverance: RTG + batteries for load leveling. 

 
3.11 Advances in Battery Technology 
Future chemistries under investigation: 
 
Lithium-Sulfur 

• Theoretical energy density ~500 Wh/kg. 
• Challenges: Cycle life, dendrite formation. 

Solid-State Batteries 
• Replace liquid electrolyte with solid. 
• Higher safety, potential for higher energy density. 

 Flow Batteries 
• Scalable, potentially for surface habitats. 
• Bulkier, more complex—less suited to spacecraft. 

 
3.12 Advantages of Batteries in Space 

• Simplicity: Few moving parts. 
• High reliability. 
• Instant power availability. 
• Reusability (secondary batteries). 
• Integration with solar arrays. 
• Modular design for scaling. 

 
3.13 Disadvantages and Design Trade-Offs 

• Finite capacity—must be sized carefully. 
• Mass scales with mission duration. 
• Requires charging infrastructure (solar, RTG, fuel cell). 
• Sensitive to temperature and radiation. 
• Thermal runaway risks in some chemistries. 

 
3.14 System Integration with Other Power Sources 
Most spacecraft today use hybrid systems: 

• Primary generation: Solar arrays, RTGs, fuel cells. 
• Storage: Batteries. 

 
 



Examples: 
• ISS: Solar arrays + NiH2/Li-ion batteries. 
• Orion: Solar + Li-ion. 
• Lunar habitats (concept): Solar + regenerative fuel cells + batteries. 

 
Batteries smooth out load variations, provide eclipse power, and offer redundancy. 
 
3.15 Performance Metrics 
Engineers evaluate: 

• Specific energy (Wh/kg). 
• Specific power (W/kg). 
• Cycle life (number of charge/discharge cycles). 
• Depth of discharge tolerance. 
• Self-discharge rates. 
• Radiation tolerance. 
• Temperature range. 

Battery packs are designed conservatively to meet mission life requirements with margin. 
 
3.16 Summary of Batteries in Spacecraft Design 
Batteries are essential for: 

• Short-duration missions (primary power). 
• Long-duration missions (eclipse bridging). 
• High-power loads. 
• Emergency power reserves. 

Modern spacecraft increasingly favor Li-ion batteries for: 
• Higher energy density. 
• Lower mass. 
• Proven safety systems. 

Future missions may adopt solid-state or lithium-sulfur for even better performance. 

4. Key Performance Criteria in Space Applications 
When designing power systems for spacecraft, engineers balance multiple performance 
criteria. The choice between fuel cells and batteries is rarely determined by a single factor—it’s 
a multi-variable optimization problem. 
Below, we will examine each criterion in detail: 
 
4.1 Energy Density 
Definition: 

• Amount of energy stored per unit mass (Wh/kg) or volume (Wh/L). 
 
Relevance: 

• Mass and volume are at a premium in spaceflight. 
• Higher energy density reduces launch mass, enabling more payload or reducing launch 

costs. 
 



Fuel Cells: 
• High system-level specific energy because reactants (H₂, O₂) have extremely high 

chemical energy content. 
• Energy stored in separated fuel/oxidizer tanks. 
• Example: Liquid hydrogen/oxygen systems can deliver ~1,200 Wh/kg when tanks and 

plumbing are included (though actual system-level values vary with mission design). 
• Flexible: Energy capacity is determined by reactant quantity. 

 
Batteries: 

• Limited by chemistry. 
o Li-ion ~150–250 Wh/kg. 
o NiH2 ~60–85 Wh/kg. 
o Ag-Zn ~100–150 Wh/kg (primary only). 

• Capacity fixed at launch (unless rechargeable with solar/RTG input). 
 
Trade-off Example: 

• Apollo Command Module used fuel cells for long-duration, high-energy density needs. 
• CubeSats use batteries because small size/low energy demands fit within available 

battery energy density. 
 
4.2 Mission Duration 
Definition: 

• How long the power system must sustain the mission’s electrical loads. 
 
Fuel Cells: 

• Duration scales with fuel supply. 
• Ideal for missions with long, continuous power needs but limited solar availability (e.g., 

lunar night operations, deep space cruise stages). 
 
Batteries: 

• Primary batteries: Single-use, mission-limited. 
• Secondary batteries: Rechargeable, but rely on external generation. 
• For long-duration missions, must pair with solar arrays or RTGs for recharging. 

 
Example Missions: 

• Apollo lunar modules: Ag-Zn primary batteries for ~75-hour lunar stay. 
• ISS: Solar arrays + NiH2/Li-ion batteries for indefinite operations. 

 
4.3 Power Output 
Definition: 

• Rate at which energy can be delivered (W or kW). 
 
Fuel Cells: 

• Continuous power generation as long as reactants flow. 
• Modular stacks can be sized for mission needs. 
• Capable of high sustained output. 



• Example: Shuttle fuel cells generated ~12 kW each. 
 
Batteries: 

• Can deliver high bursts of power. 
• Peak power limited by internal resistance and thermal considerations. 
• Need to be carefully sized for load profiles (including peak vs. average demand). 

 
Design Note: 

• Batteries often sized for worst-case load + margin. 
• Fuel cell systems may be designed for average continuous load. 

 
4.4 Thermal Management 
Definition: 

• How waste heat from power generation or storage is handled. 
 
Fuel Cells: 

• Exothermic reactions generate significant heat (~40–50% of input energy). 
• Must have radiators, heat exchangers, or active cooling systems. 
• Heat rejection is challenging in space’s vacuum. 

 
Batteries: 

• Heat generation mainly from resistive losses during charge/discharge. 
• Li-ion batteries particularly sensitive to overheating (risk of thermal runaway). 
• Require temperature control to maintain safe and efficient operation, especially in 

variable environments like LEO eclipse cycles. 
 
Example: 

• Shuttle fuel cells integrated with orbiter’s heat exchangers and radiators. 
• ISS batteries use active/passive thermal control to handle LEO environment swings. 

 
4.5 Mass 
Definition: 

• Total mass of the power system, including fuel, tanks, plumbing, batteries, structural 
supports. 

 
Fuel Cells: 

• Mass includes: 
o Reactant tanks. 
o Plumbing. 
o Fuel cell stacks. 
o Thermal systems. 

• Highly competitive for long-duration missions because reactant mass scales linearly with 
duration, but overall energy density is superior. 

 
Batteries: 

• Mass scales directly with energy storage capacity needed. 



• Longer duration → heavier battery packs. 
• For short missions, batteries are lighter because they avoid fuel tanks and plumbing. 

 
Optimization Example: 

• Apollo CSM fuel cells offered better mass efficiency for multi-day missions than 
batteries could have provided at the time. 

 
4.6 System Complexity 
Definition: 

• Number of subsystems, failure modes, integration complexity. 
 
Fuel Cells: 
Complex: 

• Reactant storage (cryogenic or high-pressure tanks). 
• Reactant feed lines, valves, regulators. 
• Water management systems. 
• Heat exchangers/radiators. 

o Requires careful control to prevent leaks, contamination, fire/explosion risks. 
 
Batteries: 
Simpler: 

• Fewer moving parts. 
• No reactant feed systems. 
• Charge/discharge control via electronics. 

o Complexity grows with BMS sophistication (especially for Li-ion safety), but 
generally less than fuel cells. 

 
4.7 Reliability 
Definition: 

• Probability of delivering power over mission duration without failure. 
 
Fuel Cells: 
Pros: 

• Mature designs (Apollo, Shuttle) achieved high reliability. 
 

Susceptible to: 
• Leaks in plumbing. 
• Contamination (especially CO₂ in AFCs). 
• Catalyst degradation over time. 

 
Batteries: 
Pros: 

• Very high reliability, especially primary chemistries. 
• Rechargeable batteries have well-understood degradation profiles. 

 
 



Risks: 
• Thermal runaway (Li-ion). 
• Reduced capacity over cycles. 
• Electrolyte breakdown under radiation. 

Space Strategy: 
• Redundancy in battery strings. 
• Triple redundancy in Apollo fuel cells (3 units). 

 
4.8 Water Production (Fuel Cells Only) 
Definition: 

• Byproduct water from electrochemical reaction. 
 
Fuel Cells: 
Major benefit in crewed missions: 

• Water = vital life support resource. 
• Apollo fuel cells produced ~22 L/day. 

o Reduces need to launch water from Earth. 
 
Batteries: 
Cons: 

• Produce no water. 
 

Pros: 
• Simpler for unmanned missions where life support is unnecessary. 

 
Example Use: 

• Apollo missions used fuel cell-generated water for drinking and food rehydration. 
 
4.9 Rechargeability and Renewability 
Fuel Cells: 

• Not rechargeable in traditional sense. 
• Energy depends on carried fuel supply. 
• Emerging technology: Regenerative Fuel Cells: 

o Electrolyze water back into H₂ and O₂ using solar power. 
o Enables closed-loop energy storage for habitats. 

 
Batteries: 

• Secondary batteries recharge via solar arrays or RTGs. 
• Enables indefinite mission durations if generation is available. 

 
Design Note: 

• Solar + battery is the standard for most Earth-orbiting spacecraft and interplanetary 
probes with solar access. 

 
 
 



4.10 Cost Considerations 
Fuel Cells: 

• Expensive: 
o Precision-engineered stacks. 
o Cryogenic/high-pressure tanks. 
o Complex integration. 

• Worth it for high-value crewed missions where mass savings are critical. 
 
Batteries: 

• Generally cheaper per Wh delivered. 
• Cost scales well with spacecraft size (CubeSats to ISS). 
• Benefited from commercial advances in Li-ion. 

 
4.11 Environmental Factors (Radiation, Vacuum) 
Fuel Cells: 

• Must be sealed for vacuum. 
• Cryogenic storage in vacuum requires robust insulation. 
• Sensitive to contamination in AFC electrolyte. 

 
Batteries: 

• Sensitive to radiation-induced degradation: 
o SEEs (single-event effects). 
o Electrolyte breakdown. 
o Capacity fade. 

• Must operate in vacuum with controlled thermal environment. 
 
Mitigations: 

• Radiation shielding. 
• Cell selection and qualification. 
• Redundant paths in BMS. 

 
4.12 Scalability 
Fuel Cells: 

• Scalable by increasing stack size and reactant tanks. 
• Good for crewed missions with life support integration. 
• Less suitable for very small spacecraft (CubeSats, microsats). 

 
Batteries: 
Highly scalable: 

• From tiny CubeSats to massive GEO satellites. 
o Modular design enables easy sizing for mission needs. 

 
4.13 Operational Flexibility 
Fuel Cells: 
Continuous power during periods when solar power is unavailable: 

• Lunar night (~14 days). 



• Deep-space cruise beyond Mars orbit. 
o Load-following capability with reactant flow control. 

 
Batteries: 
Best for: 

• Peak power smoothing. 
• Eclipse bridging in LEO. 
• Short-duration missions. 

o Rechargeable for indefinite use with generation. 
 
4.14 Summary Comparison Table (Detailed) 
Criterion Fuel Cells Batteries 

Energy Density Very high (fuel storage) Limited to chemistry, ~100–
250 Wh/kg 

Mission Duration Scalable with fuel supply Fixed capacity; recharge 
needed 

Power Output Continuous, steady output High bursts possible; limited 
by SOC 

Thermal 
Management 

Significant heat generation, radiators 
needed 

Moderate heat; critical for Li-
ion safety 

Mass Reactant tanks add mass, but efficient for 
long missions 

Mass scales linearly with 
capacity 

Complexity High (plumbing, tanks, heat exchangers) Simpler (BMS, fewer moving 
parts) 

Reliability Proven in crewed missions; complex 
failure modes 

Extremely reliable with mature 
chemistries 

Water Production Yes (valuable for life support) No water produced 

Rechargeability Not inherently rechargeable (except 
regenerative systems) 

Fully rechargeable with 
solar/RTG 

Cost High Lower, economies of scale 
Environmental 
Factors 

Requires careful sealing, contamination 
control 

Sensitive to radiation, requires 
shielding 

Scalability Excellent for large, crewed missions Excellent across all spacecraft 
sizes 

Operational 
Flexibility Ideal for shadowed/lunar night periods Best for solar-powered or short 

missions 
 
4.15 How Engineers Use These Criteria 
Designers balance these criteria via: 

• Mission duration and profile. 
• Mass and volume constraints. 
• Power load profiles (steady vs. peak). 



• Availability of solar/RTG generation. 
• Cost limits and schedule. 
• Environmental factors (temperature extremes, radiation). 
• Crew requirements (life support integration). 

 
No single metric determines the choice. Instead, mission planners run detailed trade studies to 
optimize the power system design. 

5. Notable Examples of Each Technology in Space Flight 
Fuel cells and batteries have each had defining roles in the history of human and robotic space 
exploration. The mission context—duration, power needs, environment, mass constraints, and 
human support systems—has always driven which technology (or combination) was used. 
Here, we'll look at specific, real-world examples of both technologies in actual spacecraft, 
exploring why these choices were made and how they performed. 
 
5.1 Fuel Cells in Crewed Space Missions 
5.1.1 Gemini Program (1965–1966) 
Context: 

• NASA's bridge between Mercury and Apollo. 
• Goals: Long-duration flight, rendezvous and docking, EVA. 
• Mission durations: Up to 14 days (Gemini VII). 

 
Power Challenge: 

• Batteries alone too heavy for multi-day missions. 
• Solar impractical on small, maneuvering capsule. 

 
Solution: 

• First use of fuel cells in crewed flight (General Electric’s AFC design). 
• Alkaline fuel cells provided continuous power throughout mission duration. 

 
Performance: 

• Highly successful. 
• Enabled the first real demonstration of sustained, reliable fuel cell use in space. 

 
Lessons Learned: 

• Fuel cells proved their worth for long-duration crewed missions in LEO. 
• Set the stage for Apollo's more advanced fuel cell systems. 

 
5.1.2 Apollo Program (1968–1972) 
Context: 

• Crewed lunar missions. 
• Mission durations: Up to 12 days. 
• Power demands: Guidance computers, environmental control, communications, life 

support. 



 
Why Fuel Cells? 

• Batteries alone would have been too massive. 
• Solar arrays were impractical for the Command/Service Module (CSM): 

o Required full power even during lunar night, eclipses. 
o Needed to maneuver freely without solar orientation constraints. 

 
Technical Details: 

• Each CSM had three alkaline fuel cells in the Service Module. 
• Reactants: Cryogenic liquid hydrogen and oxygen. 
• Output: ~1.5 kW continuous per cell (~2 kW peak). 
• Byproduct: ~22 liters of water/day for crew use. 

 
Water Production: 

• Essential for life support. 
• Reduced need to carry launch mass in the form of drinking water. 

 
Reliability: 

• Triple-redundant design: could lose one cell and still complete mission. 
• Famously saved Apollo 13: engineers reconfigured systems to keep fuel cells alive longer 

after the Service Module damage. 
Lessons Learned: 

• Fuel cells offered unmatched energy density for these multi-day missions. 
• Integrated power and life support in a closed-loop system. 

 
5.1.3 Space Shuttle (1981–2011) 
Context: 

• First reusable crewed space vehicle. 
• Missions lasting 7–17 days. 
• High continuous power demand for avionics, life support, payload experiments. 

 
Why Fuel Cells? 

• Batteries would have been unacceptably heavy for these durations. 
• Shuttle orbiter needed freedom to maneuver, operate in eclipse, and dock with stations. 
• Solar arrays not practical due to aerodynamic re-entry profile and payload bay use. 

 
Technical Details: 

• Three alkaline fuel cells per orbiter. 
• Each cell capable of ~12 kW output. 
• Used reactant tanks for liquid hydrogen and oxygen stored under cryogenic conditions. 
• Byproduct water used for crew consumption and humidity control. 

 
Performance: 

• Extremely reliable over 135 flights. 
• Over 30 years of operational use proved maturity and robustness of AFC technology. 
• Crews even used “fuel cell water” for experiments and as drinking water. 



 
Lessons Learned: 

• Fuel cells ideal for reusable, crewed spacecraft needing high continuous power without 
solar dependence. 

• Water production remained a critical benefit. 
 
 
5.1.4 Modern Crewed Vehicles 

• Orion: Uses solar arrays and lithium-ion batteries. 
o Move away from fuel cells for simplicity and renewable energy integration. 
o Solar arrays designed to sustain power even during lunar orbit operations. 

• Crew Dragon, CST-100 Starliner: Batteries as primary source. 
o Shorter missions (hours to days). 
o Rechargeable via ground systems or ISS power when docked. 
o Simplicity, safety, cost advantages. 

 
Key Trend: 

• Shift from fuel cells to batteries + solar for most modern crewed capsules. 
• Partly because ISS provides power once docked, and solar arrays are now highly 

efficient. 
 
5.2 Batteries in Crewed and Robotic Missions 
5.2.1 Mercury Program (1958–1963) 
Context: 

• First U.S. crewed flights. 
• Very short durations: 15–34 hours. 
• Minimal power loads. 

 
Power Source: 

• Silver-zinc primary batteries. 
• High specific energy, reliable, no need for recharging. 

 
 Lessons Learned: 

• Primary batteries sufficient for short, simple missions. 
• Extreme simplicity and low mass. 

 
5.2.2 Apollo Lunar Module (1969–1972) 
Context: 

• Separate spacecraft for lunar landing. 
• Mission duration on surface: ~75 hours. 

 
Power System: 

• Silver-zinc primary batteries. 
• No fuel cells onboard (LM was too small and had limited duration). 
• Water needs minimal (crew brought stored water). 

 



Design Trade-off: 
• Simplicity and mass advantage for <4-day duration. 
• Batteries were reliable, maintenance-free. 

 
Lessons Learned: 

• Batteries ideal for short, high-power missions with limited duration. 
• Avoided mass/complexity of extra tanks, plumbing. 

 
5.2.3 Skylab (1973–1974) 
Context: 

• First U.S. space station. 
• Long-duration missions: up to 84 days. 

 
Power System: 

• Solar arrays primary generation. 
• Nickel-cadmium batteries for eclipse periods and load leveling. 

 
Design Note: 

• Batteries sized for ~35 minutes of eclipse bridging. 
• Rechargeable using sunlight every orbit (~90 minutes). 

 
Lessons Learned: 

• Solar + battery hybrid ideal for LEO operations. 
• Rechargeable batteries reduce launched mass over long mission. 

 
5.2.4 Space Stations (Mir, ISS) 
Context: 

• Continuous habitation for years. 
• Multiple dockings, crew rotations, power-hungry experiments. 

 
Power System: 

• Solar arrays provide primary power. 
• Batteries bridge orbital night (~35 minutes every 90-minute orbit). 
• Nickel-cadmium and later nickel-hydrogen on Mir. 
• ISS originally used nickel-hydrogen, upgraded to lithium-ion. 

 
ISS Modern Upgrade: 

• Li-ion packs installed from 2017–2020. 
• Higher energy density. 
• Lighter, fewer cycles needed. 
• Sophisticated BMS for safety. 

 
Lessons Learned: 

• Batteries essential even for solar-rich environments. 
• Rechargeable systems critical for sustainability. 

 



5.2.5 Satellites (GEO, LEO, Deep Space) 
LEO Satellites: 

• Solar arrays + NiCd/NiH2/Li-ion batteries. 
• Eclipse every orbit requires dependable storage. 

 
GEO Satellites: 

• Long eclipses (~72 minutes twice yearly). 
• NiH2 long cycle life ideal. 
• Modern systems moving to Li-ion for weight savings. 

 
Deep Space Probes: 

• Often use RTGs for generation. 
• Batteries buffer peak loads (e.g., instrument bursts, communication). 
• Example: Voyager probes have RTG + small battery for peak load management. 

 
Lessons Learned: 

• Batteries nearly universal in space missions. 
• Rechargeable systems key for longevity. 

 
5.2.6 Planetary Rovers 
Spirit and Opportunity (Mars): 

• Solar panels + rechargeable batteries. 
• Nighttime operation needed stored energy. 
• Battery degradation eventually ended missions. 

 
Curiosity and Perseverance: 

• RTG primary generation. 
• Li-ion batteries buffer loads, smooth RTG output. 
• Batteries support peak draw (driving, communications). 

 
Design Note: 

• Mars night too long/cold for solar-only survival. 
• Batteries essential even with RTG’s steady power. 

 
5.2.7 CubeSats and Smallsats 
Context: 

• Very limited volume and mass budgets. 
• Typically in LEO. 

 
Power System: 

• High-efficiency deployable solar panels. 
• Li-ion batteries for eclipse and high-load periods. 
• Batteries tailored to mission duration and load profile. 

 
Trends: 

• Commercial off-the-shelf (COTS) Li-ion cells often used (but space-qualified). 



• Emphasis on safe, compact BMS. 
 
Lessons Learned: 

• Batteries + solar enable extremely cost-effective missions. 
• Fuel cells generally too heavy/complex for small sats. 

 
 
5.3 Hybrid Systems and Emerging Concepts 
Regenerative Fuel Cells (RFCs) 

• Combine electrolyzer and fuel cell. 
• Solar power electrolyzes water → H₂ + O₂ storage. 
• Fuel cell recombines them in eclipse or dark periods. 
• Closed-loop energy storage. 
• Ideal for lunar bases, long-duration planetary habitats. 

 
Examples Under Study: 

• NASA’s lunar surface power concepts. 
• Mars transit habitat studies. 
• Not yet standard flight hardware but actively prototyped. 

 
5.4 Summary: Why These Choices Were Made 
Fuel Cells were selected historically for: 

• High energy density needed for long-duration, solar-inaccessible phases. 
• Water production essential for crew life support. 
• Reliable continuous power. 
• Best for multi-day crewed missions without solar power. 

 
Batteries were (and are) used for: 

• Simplicity in short missions. 
• Eclipse bridging with solar generation. 
• Peak load smoothing even with RTGs or solar. 
• Universally needed even in fuel-cell-powered systems for peak load and redundancy. 

 
Modern Trend: 

• Solar + battery as standard architecture. 
• Fuel cells relegated to specialized or supplemental roles (lunar nights, habitats). 
• Emphasis on safer, higher-density batteries (Li-ion, solid-state). 

 

 

 


	Space Flight Using Fuel Cells vs. Batteries: A Comprehensive Comparison
	Introduction
	1. Historical Context: Powering Spacecraft from the Beginning
	2. How Fuel Cells Work
	2.1 The Electrochemistry of Fuel Cells
	2.2 Physical Construction of a Fuel Cell
	2.3 Types of Fuel Cells Considered for Spaceflight
	2.4 Energy Density and Storage Considerations
	2.5 Water Production for Life Support
	2.6 Heat Production and Thermal Management
	2.7 System-Level Integration
	2.8 Fuel Cell Performance Metrics
	2.9 Fuel Cells in Modern Concepts
	2.10 Summary of Advantages in Spaceflight

	3. How Batteries Work
	4. Key Performance Criteria in Space Applications
	5. Notable Examples of Each Technology in Space Flight


