















































Real Time Consulting

Examples:
e Spirit and Opportunity: Solar + rechargeable batteries (NiMH or Li-ion).
o Curiosity and Perseverance: RTG as primary, batteries to handle bursts of load and
manage night-time peak demands.

Fuel cells?
o Not used so far on planetary rovers.
e Would require bringing reactants from Earth or in-situ production—complex and heavy.
e Could be considered for lunar surface bases to survive 14-day lunar nights.
Design philosophy:
e Hybrid systems with generation + storage.
o Batteries critical even with RTGs or solar for mobility and communication loads.

8.6 Small Satellites and CubeSats

Mission profile:
e Typically LEO.
e Short missions (months to few years).
o Tight mass/volume budgets.

Typical choice:
o Solar arrays (fixed or deployable) for generation.
e Li-ion batteries for eclipse periods and high-power loads.

Why?
e Simplicity and cost.
o Fuel cells too heavy and complex for small satellites.
« Batteries scale perfectly down to small form factors.
Examples:
e Thousands of CubeSats have flown with commercial-off-the-shelf Li-ion packs.
e Solar charging standard; eclipse bridging essential.

Design philosophy:
« Simplicity, cost-effectiveness, commercial component use.
o Emphasis on safe, robust battery management systems.

8.7 Lunar and Martian Surface Bases (Future Concepts)
Unique challenge:
e Lunar night = ~14 Earth days with no sunlight.
e Mars nights are shorter but cold and solar power is limited during dust storms.

Potential solutions:
« Large battery banks to store enough solar energy.
e Nuclear power (fission or RTG) for continuous baseline.
o Fuel cells using stored hydrogen/oxygen or in-situ resources.
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o Regenerative fuel cells (RFCs): Electrolyze water with solar power during day — store

H: and O: — recombine at night.

Fuel cells particularly attractive for:
e Producing water as byproduct.

« Storing energy in reactants rather than enormous, heavy batteries.

o Enabling closed-loop energy and life support systems.

Batteries still essential:

o Even with fuel cells or nuclear power, batteries handle peak loads.

e Provide redundancy and stability in power bus.

Design philosophy:

« Hybrid systems combining solar, batteries, fuel cells, and potentially nuclear sources for

resilient, sustainable bases.

8.8 Summary: Matching Power Systems to Missions
No single technology is best for all missions.

|Mission Type ||Preferred Power System

Notes |

|Sh0rt crewed flights ||Batteries HSimpIicity and reliability. |
Medium-long crewed (Apollo Fuel cells High energy density, water
CSM) production.

Long-duration crewed in LEO||Solar + rechargeable batteries

[Renewable, mass-efficient. |

IGEO satellites [Solar + batteries

|[Eclipse bridging for decades. |

|Deep-space probes ||RTGs + batteries

HNo sunlight, long lifetimes. |

Mars rovers RTG/solar + batteries

Night survival, mobility
loads.

CubeSats/SmallSats Solar + Li-ion batteries

Simplicity, low cost, tight
integration.

Solar + batteries + (fuel

Lunar/Mars surface bases .
cells/regenerative)

Survive long nights, in-situ
resource use.

8.9 Design Takeaway

Engineers select power systems based on mission constraints:

e Available sunlight.

e Required duration.

e Load profiles.

e Environment (radiation, temperature).
e Mass and cost budgets.

o Crew life support needs.

Fuel cells shine for:

« High-density energy over multi-day missions without sun.
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e Producing water for life support.
« Future habitats with regenerative systems.

Batteries excel for:
o Simplicity and reliability.
o Eclipse bridging and load leveling.
o Universality from tiny CubeSats to massive stations.

9. The Shift Away from Fuel Cells in Modern Spacecraft

For decades, alkaline fuel cells were the backbone of crewed space power. Gemini, Apollo,
and the Space Shuttle all relied on them for continuous electrical generation and vital water
production.

But today’s new spacecraft—including Orion, Crew Dragon, CST-100 Starliner, lunar
landers, and most station modules—have abandoned fuel cells entirely, favoring solar
arrays plus batteries.

Why did this shift happen? The reasons are technical, economic, operational, and environmental.
Let’s explore them in detail.

9.1 Historical Dependence on Fuel Cells

Gemini
o Needed >7 days power without solar arrays.
o Batteries too massive — introduced AFCs.

Apollo
e Lunar missions up to ~12 days.
e Needed continuous, high-quality power with no solar dependence.
o Fuel cells also produced drinkable water.

Space Shuttle
e Reusable, crewed platform.
o Needed reliable power for avionics, life support, payloads.
e Mission durations ~1-2 weeks without solar reliance.
e Water production used for crew consumption.

Key feature:
Fuel cells offered the only mass-efficient way to deliver continuous power for ~1-2 week
crewed missions without large solar arrays.

9.2 Why They Worked Then

Batteries in the 1960s—80s had limited energy density:
e Silver-zinc ~100-150 Wh/kg (non-rechargeable).
e NiCd ~40-60 Wh/kg.
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Fuel cells provided effectively unlimited duration (with enough fuel).
Produced essential consumables (water) for life support.

Enabled flexibility in spacecraft orientation and mission profile:
« No requirement to point arrays at the Sun.
e Freedom for maneuvers, docking, re-entry.

For high-value, short-term crewed missions — fuel cells were the optimal solution.

9.3 The Changing Mission Landscape
But modern spacecraft missions are different in several key ways:
Typical crewed orbital missions are shorter or have access to external power:
o Dragon and Starliner stay docked to ISS, which supplies power.
o Free-flight duration only ~24-48 hours.
o Primary need: simple, safe battery storage for launch/entry and minimal autonomous
flight.

Solar availability has improved:
« For low Earth orbit (LEO), solar energy is reliable with frequent day/night cycles.
« High-efficiency solar arrays (triple-junction GaAs) now >30% efficient.
« Folding/deployable arrays are lighter and more compact than in the Apollo era.

Batteries have advanced dramatically:
e Li-ion energy density ~150-250 Wh/kg (rechargeable).
o Sophisticated Battery Management Systems (BMS) improve safety and longevity.
e Mass and cost per Wh have plummeted due to commercial scaling.

Water production needs have shifted:
o ISS has advanced regenerative life support (water recycling) that reduces the need for
fuel cell water production.
o For short missions, water can simply be launched.

9.4 Technological Maturity of Solar + Battery Systems

Solar + battery architectures have become the standard for most spacecraft types:
e Continuous power in sunlight.
e Rechargeable batteries bridge eclipses.
« Batteries also smooth load peaks and ensure fault tolerance.

Advantages for mission design:
e Renewable energy source — indefinite duration.
o Mass-efficient over long missions (no need to launch consumable reactants).
o Fewer moving parts and plumbing — simpler, lower failure risk.
e Lower launch cost — smaller tanks, less structural complexity.
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Modern engineering practice:
o Batteries sized for worst-case eclipse duration.
o Solar arrays sized for power margin and recharge time.
e Robust BMS ensures health monitoring, redundancy, and safety.

9.5 Specific Examples of the Shift
9.5.1 Orion MPCV
Early designs considered fuel cells (Apollo heritage).
Final design uses solar arrays + Li-ion batteries.
e ESA Service Module has large deployable solar wings (~11 kW output).
« Batteries ensure power during eclipses and maneuvers.
o No fuel consumption needed for electricity.
o Simpler, safer, renewable.

9.5.2 Crew Dragon
o Fully battery-powered (Li-ion).
e Solar arrays on the service trunk.
e Recharge on orbit or via ISS power while docked.
o Mission profiles of ~24-48 hours free flight don’t require fuel cells.
e Simpler integration, lower cost.
9.5.3 CST-100 Starliner
« Battery-only design.
e Mission durations <48 hours in free flight.
e Recharged on ground or via ISS power.

9.5.4 International Space Station
Solar arrays provide ~120 kW peak power.
« Initially used nickel-hydrogen batteries.
e Upgraded to lithium-ion batteries (2017-2020).
o Fuel cells unnecessary—continuous sunlight availability with short ~35-minute eclipses
every orbit.
o Design optimized for ~10,000+ charge/discharge cycles.

9.5.5 Artemis Lunar Landers (planned)

« Proposals emphasize solar arrays + batteries.
e Power to survive lunar night may use:
o Large batteries.
o Nuclear power sources (Kilopower fission).
o Fuel cells or regenerative fuel cells only as one option.
= System trade studies focus on minimizing consumables and maximizing
in-situ resource use.

9.6 Cost and Logistics Drivers
Fuel cells are complex and expensive:
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« Cryogenic or pressurized reactant storage.

e Plumbing, valves, pumps.

« Contamination control.

o Extensive safety testing (flammable gases in crewed vehicles).

Solar + battery systems are cheaper and simpler:
o Mature commercial components (especially Li-ion cells).
o Lower testing and integration cost.
« No consumable reactants to launch, store, or monitor.

Result:
e Agencies choose the simpler, more economical solution unless a mission absolutely
requires fuel cells.

9.7 Sustainability and Resupply
Fuel cells require reactant resupply.
« Not feasible for most long-term orbital operations.
e Consumable mass grows linearly with mission duration.

Solar + batteries are renewable:
e No consumables other than minor degradation over time.
« Infinite operational life with proper maintenance.
« ldeal for orbital infrastructure (ISS, Gateway).

For planned Mars and lunar missions:
« Engineers consider regenerative fuel cells or ISRU-produced fuels, but these add
complexity.
« Batteries and solar remain the baseline due to simplicity and sustainability.

9.8 Shifting Mission Profiles
Apollo:
e ~10-12 days without solar power in deep space.
Required self-contained, high-density power — fuel cells.
Modern capsules:
o Hours to a day free flight, then dock to ISS.
o Can rely on station’s power supply.
Long-duration missions:
o Orbit around Earth or Moon — abundant solar energy.
o Lunar night survival = new problem, but generally tackled with large batteries,
solar, and possibly nuclear power.
Fuel cells no longer "must-have™ for crewed capsules.

9.9 The Role of Regenerative Fuel Cells

NASA and ESA study regenerative fuel cell (RFC) systems:
e Electrolyze water into H2 and O: using solar power.
o Store gases during the day.
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e Recombine in fuel cell mode during lunar night.

o Enables long-duration, dark-phase survival without giant battery banks.
o Early studies for lunar habitats and Mars transit vehicles.
o Still TRL (Technology Readiness Level) development work required.

9.10 Summary of Why the Shift Happened

Batteries improved:
o Energy density doubled or tripled since Apollo.
o Rechargeable with solar arrays.
o Safer, cheaper with BMS advances.

Solar arrays improved:
o Lighter, more efficient (>30% conversion).

e Can be deployed or gimbaled for maximum sunlight.

Mission profiles changed:
o Shorter free-flight durations.
o Docking to stations with external power.

o Sustainable, long-duration habitats with solar availability.

Cost and integration pressures:
o Fuel cells remain more complex and expensive.

o Agencies want standardized, mass-produced solutions.

9.11 Fuel Cells Still Have a Role

Not gone entirely.

Attractive for specific future use cases:
e Lunar habitats surviving 14-day night.
o Mars missions with intermittent solar power.
e Regenerative designs that close the loop.

o Critical for scenarios where solar power alone can't meet mission energy needs.

9.12 Summary Table: The Shift Away from Fuel Cells

[Factor IFuel Cells (Apollo-era choice)

|Solar + Batteries (Modern choice) |

Energy density |[Very high, scalable with reactants

Improving with Li-ion, still lower per
kg

Consumables  |[Requires stored fuel (Hz, O2)

Solar + rechargeable batteries =
renewable

High: tanks, plumbing, contamination

Complexity control Simpler integration

Cost Expensive to design, test, certify !\/Iass-pr_oduced cells, cheaper
integration

Water . Valuable for crewed life support Less n'eeded with modern water

production recycling
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|Factor ||Fue| Cells (Apollo-era choice) HSoIar + Batteries (Modern choice) |
Mission profile (|Best for long, independent flights Moder_n missions often shorter or
solar-rich
|Sustainabi|ity ||Finite fuel limits duration Hlndefinite with solar recharge |
Mostly retired except in special Dominant for almost all new
Current usage
concepts spacecraft

9.13 Final Takeaway
Fuel cells were essential in the past for multi-day crewed missions beyond Earth orbit with no
solar power.

But batteries and solar arrays have evolved to meet most modern mission needs:
o Safer
e Simpler
e Cheaper
e Renewable

**The shift reflects how mission profiles, technology, and cost pressures have changed-

**put fuel cells may yet return for lunar night survival and other extreme environments with
regenerative, closed-loop designs.
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