






































• Advantages for sustainability: 
o No need to resupply fuel from Earth. 
o Only limit is electrolyzer/fuel cell life and tankage. 
o Byproduct water integrates with life support. 

• Challenges: 
o System complexity (electrolyzer + fuel cell + storage tanks). 
o Efficiency losses (electrolysis + fuel cell round-trip ~50–60%). 
o Mass of tanks for H₂/O₂ storage. 

• Development status: 
o NASA, ESA have lab prototypes. 
o Targeted for Artemis lunar bases. 

• Example mission concept: 
o Lunar habitat with solar arrays sized for daytime load + electrolyzer operation. 
o RFC bank stores energy for 14-day night. 
o Integrated water loop supports life support. 

 
13.4 In-Situ Resource Utilization (ISRU) 
Ultimate sustainability goal: 

• Use local resources to reduce launch mass and cost. 
• Lunar ISRU example: 

o Extract water ice from polar regolith. 
o Electrolyze into H₂ + O₂. 
o Store in tanks for fuel cell use. 
o Water also for crew consumption. 

• Mars ISRU example: 
o Subsurface ice or atmospheric CO₂ electrolysis. 
o Sabatier reactors to produce methane + O₂ for propulsion. 
o Electrolysis for fuel cells or oxygen tanks. 

• Fuel cell synergy with ISRU: 
o Reactants produced locally → no Earth resupply. 
o Enables permanent or semi-permanent operations. 
o Closes life-support loops (power + water). 

• Batteries and ISRU: 
o Indirect benefit. 
o Solar arrays still critical for electrolyzer power. 
o Batteries store ISRU-powered energy for short-term needs. 
o Less direct tie to ISRU than fuel cells. 

 
13.5 Life Support Integration 
Water production is a unique fuel cell advantage: 

• Fuel cells produce ~9 kg of water per kg of H₂. 
• Essential for drinking, hygiene, food rehydration. 
• Supports closed-loop environmental control. 

 
Apollo heritage: 

• Fuel cells produced ~22 L/day of water. 
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• Reduced mass of launched water. 
 
Future habitats: 

• RFCs can produce water during discharge. 
• Electrolysis recharges system while also supporting water balance. 
• Fully closed-loop: no net water loss. 

 
Batteries: 

• No water production. 
• Simpler, but must rely on separate water recycling systems. 

 
Integrated habitat design philosophy: 

• Power, life support, water management, and ISRU need to be designed as one system, 
not in silos. 

 
13.6 Mass Optimization in Long-Term Planning 
For short missions: 

• Batteries usually lighter overall. 
• No tanks, plumbing, or fuel. 

 
For long lunar nights or deep-space cruise: 

• Batteries alone would require enormous mass. 
• RFCs or fuel cells + ISRU reduce launch mass. 
• Tanks scale better than giant battery banks. 

 
Mass trade-off example (simplified): 

• Battery bank sized for 14-day lunar night = thousands of kg. 
• RFC with H₂/O₂ tanks sized for same = hundreds of kg. 

 
Conclusion: 

• Sustainability means mass-efficient energy storage for long darkness periods. 
• Fuel cells or RFCs often win that trade-off. 

 
13.7 Cost Sustainability 

• Launch costs are falling (e.g., SpaceX Starship targets <$1,000/kg). 
• But recurring launch mass is still expensive for permanent operations. 
• ISRU + regenerative systems reduce cost over time: 

o Less fuel to launch. 
o More mass available for crew and cargo. 
o Lower cost per kg of delivered water or power. 

• Mission planners must consider: 
o Up-front development cost vs. long-term savings. 
o Trade-offs between resupply logistics and infrastructure investment. 

• Sustainability principle: 
o Investing in regenerative, ISRU-powered systems pays off over many missions. 
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13.8 Environmental Sustainability 
• Reducing Earth-based launches reduces: 

o Fuel production emissions. 
o Environmental impact of launch sites. 
o Cost of planetary protection measures. 

• ISRU enables "living off the land": 
o Lunar ice mining less impactful than constant Earth launches. 
o Supports broader sustainability goals for space exploration. 

• Fuel cells with ISRU integration: 
o Align with planetary sustainability principles. 
o Allow closed-cycle water and oxygen loops. 

• Batteries: 
o Benefit from Earth-based manufacturing scale. 
o Environmental impact depends on mining practices, recycling. 
o Better suited for solar-rich environments with low ISRU dependency. 

 
13.9 Mission Planning Examples 
Lunar base design: 

• Daytime: Solar arrays power habitat + electrolyzers. 
• Nighttime: Fuel cells run off stored H₂/O₂. 
• RFC design minimizes mass penalty. 
• ISRU water ice supports closed-loop power + life support. 

 
Mars surface base: 

• Solar during day, batteries for night cycles. 
• Fuel cells for dust storms or backup. 
• Local water extraction for electrolysis. 
• Sabatier reactors for propulsion fuel. 

 
Deep-space habitats: 

• Solar arrays + batteries for near-sun cruise. 
• RFCs or nuclear + batteries for low-sunlight regions. 
• Mass-efficient, closed-loop systems critical for mission duration. 

 
13.10 Summary Table: Sustainability Considerations 
Factor Fuel Cells Batteries 

Consumables Needs H₂/O₂ → resupply or ISRU Rechargeable with solar/nuclear 
power 

Water production Byproduct supports life support None 
ISRU integration Direct synergy (local water → fuel) Indirect (power for ISRU processes) 
Closed-loop 
design RFC enables energy + water cycle Solar + batteries = renewable if sunlit 

Mass for long 
dark 

Lower with tanks than massive 
batteries 

Scales linearly → heavy for long 
eclipses 

Real Time Consulting

22 JUL 25



Factor Fuel Cells Batteries 

Complexity Higher (plumbing, tanks, 
electrolysis) Simpler, modular 

Sustainability role Best for lunar night, ISRU-based 
habitats 

Best for solar-rich, short eclipse 
cycles 

 
13.11 Final Takeaways 

• True sustainability in space is not just mass or cost today, but lifetime mission planning. 
• Fuel cells, especially regenerative systems, offer unique advantages: 

o Closed-loop integration with ISRU. 
o Water production. 
o Lower mass for long, sunless periods. 

• Batteries remain essential: 
o Simplicity. 
o High power density. 
o Solar recharge compatibility. 
o Always needed for peak loads and as buffers. 

 
• The future of sustainable exploration is hybrid systems: 

o Solar + batteries + regenerative fuel cells + ISRU working together in integrated, 
efficient, and resilient architectures. 

14. Conclusion 
No spacecraft power decision happens in isolation. Fuel cells and batteries each offer real, 
proven advantages—but they also carry limitations that become decisive in different mission 
contexts. 

Engineering is trade space management. The best choice depends on balancing: 
• Mass 
• Cost 
• Complexity 
• Reliability 
• Environmental factors 
• Mission duration and profile 
• Sustainability over multiple missions or years 

14.1 The Core Trade-off 
• Batteries excel when: 

o Mission duration is short. 
o Sunlight is readily available. 
o Recharge cycles are predictable. 
o Simplicity and mass production lower cost. 
o Risk tolerance demands mature, well-understood technologies. 
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• Fuel cells excel when: 
o Continuous power is needed during long, dark periods. 
o High energy density can reduce mass over long duration. 
o Water production can support life support loops. 
o ISRU integration enables closed-loop sustainability. 

 
Key insight: 

• Neither is universally better. Each is optimized for a different region of the mission 
trade space. 

 
14.2 Historical Lessons 

• Apollo: 
o Fuel cells essential for multi-day deep-space operations with no solar input. 
o Water production reduced consumable launch mass. 
o Batteries worked well for short Lunar Module surface stays. 

• Shuttle: 
o Fuel cells provided reliable, reusable power without needing massive arrays. 
o Water byproduct supported life support. 

• ISS: 
o Solar + rechargeable batteries = sustainable for 20+ years in orbit. 
o Eclipse periods short and predictable. 
o Batteries upgraded from NiH2 to Li-ion as technology improved. 

• Modern capsules (Dragon, Starliner, Orion): 
o Rely on solar arrays and batteries. 
o Missions designed for short free-flight duration. 
o Power needs during docking handled by ISS or other habitats. 
o  

14.3 Mission Context is Everything 
• Lunar surface base: 

o 14-day night requires either: 
o Huge battery mass → launch cost prohibitive. 
o Fuel cells with reactant resupply or regenerative cycle. 
o Nuclear fission systems as alternative. 
o Sustainable bases likely to use hybrid: solar + batteries + RFC + ISRU. 

• Mars surface base: 
o Dust storms block solar for weeks. 
o ISRU-produced reactants can feed fuel cells. 
o Batteries remain critical for short cycles and load balancing. 

• Deep-space transport: 
o Solar arrays shrink in effectiveness with distance. 
o Fuel cells or nuclear power systems offer continuous, independent energy. 

• LEO satellites: 
o Solar + batteries dominate for cost, simplicity, renewable energy. 
o Proven over decades. 
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• CubeSats and smallsats: 
o Solar + commercial Li-ion batteries → extreme cost efficiency. 
o Fuel cells too heavy/complex to justify. 

 
14.4 Technology Evolution Shapes the Trade Space 

• Batteries have improved dramatically: 
o Li-ion energy density more than doubled since Apollo. 
o Solid-state and Li-S promise even higher densities, better safety. 
o Lower cost from mass production. 
o Space-rated BMS ensures reliability. 

• Fuel cells are evolving too: 
o Regenerative fuel cells (RFCs) offer closed-loop energy storage. 
o ISRU integration reduces resupply needs. 
o Advanced membrane and catalyst designs promise better contamination 

tolerance and lower cost. 
• Result: 

o The trade space is dynamic. 
o Future lunar and Martian systems will likely integrate both technologies, 

optimized for their unique advantages. 
 
14.5 Cost, Complexity, and Sustainability 

• Batteries: 
o Lower unit and integration cost. 
o Simpler systems with fewer moving parts. 
o Easily scaled for small spacecraft. 
o Sustainable when coupled with solar power. 

• Fuel cells: 
o Higher complexity and up-front cost. 
o Plumbing, tanks, leak risks. 
o Best for mass-efficient long-duration storage without sunlight. 
o Essential when water production reduces total logistics burden. 

• Sustainability is a system-level issue: 
o Fuel cells make sense if reactants can be made locally. 
o Batteries make sense if sunlight is available for recharge. 
o ISRU and regenerative systems close the loop and reduce launch mass. 

 
14.6 The Future is Hybrid 

• No single technology will power all missions. 
• Most sustainable mission architectures will combine: 

o Solar arrays as primary renewable generation. 
o Batteries for load leveling, peak power, eclipse bridging. 
o Fuel cells (regenerative or classic) for long darkness periods or backup. 
o ISRU-produced reactants to reduce Earth resupply needs. 
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• Example lunar base power system: 
o Daytime: solar arrays power habitat and electrolyzers. 
o Nighttime: RFCs use stored H₂/O₂ for power. 
o Batteries handle transient loads, backup. 
o Water loop integrates with life support. 

 
14.7 System-Level Design Philosophy 

• Power systems cannot be designed in isolation. 
• They must integrate with: 

o Thermal control systems (heat rejection, insulation). 
o Life support (water production, oxygen supply). 
o Propulsion systems (shared cryogenic storage). 
o ISRU systems (local production of water, reactants). 

• Designers must weigh: 
o Up-front cost vs. lifecycle cost. 
o Mass vs. volume constraints. 
o Complexity vs. reliability. 
o Risk tolerance for safety-critical systems. 

• Good mission design is holistic, not compartmentalized. 
 
14.8 Final Comparative Summary 
Criterion Fuel Cells Batteries 

Energy Density Very high with reactants Moderate, improving with new 
chemistries 

Mission 
Duration 

Scalable with fuel; great for long, 
dark periods Fixed capacity; needs recharge 

Water 
Production Yes (valuable for life support) None 

Complexity High (plumbing, tanks, 
contamination control) Low (but BMS adds sophistication) 

Safety 
Concerns 

Hydrogen/Oxygen leak and 
combustion risk Thermal runaway for Li-ion 

Resupply 
Needs 

Needs reactants unless 
regenerative None with solar recharge 

ISRU 
Integration High synergy for lunar/Mars bases Indirect (power for ISRU processes) 

Cost Higher unit and integration cost Lower cost per Wh; mass 
production advantage 

Sustainability Excellent with ISRU + regenerative 
cycle 

Excellent with solar-rich 
environments 

 

Real Time Consulting

22 JUL 25



14.9 The Designer’s Question 
• The real engineering question is not: 

o “Which is better—fuel cells or batteries?” 
  

• The real question is: 
o “What combination of power systems best meets this mission’s unique 

needs, risks, constraints, and sustainability goals?” 
 
14.10 Vision for the Future 

• Lunar surface operations will pioneer hybrid systems. 
• Mars missions will demand closed-loop, ISRU-integrated power systems. 
• Deep-space transit habitats will use fuel cells, batteries, solar, and nuclear in 

complementary roles. 
• Small satellites will continue to benefit from low-cost, high-density batteries. 
• Entire mission architectures will be designed around integrated, sustainable 

energy solutions. 
• The challenge is not choosing one—it’s designing the system that best leverages 

all the available technologies to enable safe, sustainable, ambitious human and 
robotic exploration. 
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