THE PAC METHOD | FUEL CELLS
The Framework That Makes Fuel Cell Questions Easy

A guide to mastering fuel cells and green chemistry
analysis with a proven 3-step system




The Challenge You’re Facing

You may have experienced this:

You read a complex question about a new technology in a real-world context.
You understand the words. You know the background chemistry.
But you stare at the page, overwhelmed, unsure of where to start.

The problem isn't that you don't know the chemistry. The problem is that you don't
have a system or a framework for organising your thoughts.

This is what PAC gives you: a clear, step-by-step system that makes complex
questions feel simpler.

About This Guide

This focused guide teaches you how to use PAC for:

= fuel cell questions — explaining the fundamental principles

= green chemistry evaluations — analysing technologies against the 7
principles

= jnnovation analysis — applying PAC to cutting-edge research like MIT's
sodiume-air fuel cell

Inside you will find:
= Foundations of the PAC method
= Examples evaluations of fuel cells against green chemistry principles
= Sodium-air fuel cell case study with worked examples and practice questions



PART 1 - THE FOUNDATION - UNDERSTANDING PAC

Why Complex Questions Feel So Hard
When you face a challenging question, your brain is trying to do three things at once:

¢ Understand the information (What's this question about?)
e Figure out what matters (What should | focus on?)
e Organise your response (How do | structure this answer?)

That's too much! Your brain gets overwhelmed and shuts down. Even though you

could answer the question, you freeze because you're trying to do everything at once.

The Solution: The PAC Framework

A framework helps you to organise information and acts as a map to help you
interpret new ideas.

PAC stands for:

Principle

P The scientific concept, law, or green chemistry principle that applies
Apply

A How that principle shows up in this specific technology or situation
Consequence

C What difference it makes in the real world (environmental, economic,
practical)

Why This Simple Structure Changes Everything

Instead of staring at a blank page wondering where to start, you now have three clear
steps where each step builds on the last.

Step 1: Find the science principle or green chemistry concept
Step 2: Connect it to the specific example
Step 3: Explain why it matters in the real world

This structure does the hard work of organising your thoughts for you, so you can
focus on the actual chemistry.



PART 2 - APPLYING PAC TO FUEL CELLS

Common Fuel Cell Question Types

Fuel cell questions often ask you to:

Explain why a fuel is effective (using electrode potentials)

Analyse design features (porous electrodes, electrolyte choice)
Evaluate green chemistry alignment (energy efficiency, waste prevention)

e Discuss safety concerns (reactivity of fuels like sodium)

PAC works for all these types of questions

Step 1: Identifying PRINCIPLES

What to look for in fuel cell questions:

Electrochemistry principles

¢ Electrode cell potentials (oxidation/reduction tendency)

Relevant green chemistry principles

¢ Design for energy efficiency
e Use of renewable feedstocks
¢ Prevention of waste

¢ Design for degradation

Step 2: APPLYING principles

This is where you show you understand both the principle and the specific fuel cell.
You need:

e Specific technical details about how the fuel cell works
e Evidence from the question (numbers, reactions, design features)
e Clear connection between the principle and this technology

v Specific & Clear

x Too Vague
‘ . ' o "The fuel cell converts chemical energy directly into
"The sodium-air fuel cell is energy efficient." electrical energy, avoiding multiple energy

Why it's weak: No explanation of transformations.

HOW it's efficient Why it works: Shows the specific
mechanism




Step 3: Explaining CONSEQUENCES
For fuel cell questions, consequences typically fall into these categories:

e Performance/Efficiency: How does this affect power output (rate of
electron transfer), energy density (amount of electrons per kg), or efficiency?

¢ Environmental: What are the emissions? Sustainability?

¢ Practical Applications: Where can this technology be used? (aviation,
transport, etc.)

e Economic/Resource: Cost, availability of materials, scalability

PRO TIP: Use quantitative comparisons

Strong consequence statements include numbers and comparisons:

e "40-60% efficiency compared to 25% for combustion”

e "1,700 Wh/kg — over 5x lithium-ion batteries"

e "3.11 Vcell potential vs. 1.23 V for hydrogen fuel cells"
Numbers provide quantitative evidence for your answer.

Quick PAC Example: Fuel Cell Energy Efficiency

Here's a quick example showing PAC in action:

Example 1
Evaluate a green chemistry principle the sodium-air fuel cell aligns with and why itis a
potential replacement for the combustion engine.

P — Principle
Design for energy efficiency
A — Apply

The fuel cell converts chemical energy directly into electrical energy avoiding the
multiple energy transformations required in combustion engines (chemical >
thermal > mechanical - electrical).

C — Consequence
Each energy transformation loses efficiency. By converting energy directly, fuel

cells can achieve 40-60% efficiency compared to 25% for combustion engines.
This means aircraft could fly significantly further on the same amount of fuel,
reducing both fuel consumption and emissions.

Why This Answer Works
P: Named the principle
A: Explained the mechanism (direct conversion vs. multiple transformations)
C: Included quantitative comparison (40-60% vs. 25%) AND practical outcome
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PART 3 - CASE STUDY - MIT SODIUM- AIR FUEL CELL

The PAC method can be used to analyse an innovative sodium-air fuel cell developed
by researchers at MIT. Click here for reference from Science daily [1]

Background information

The sodium-air fuel cell has an energy density of approximately 1,700 watt-hours per
kilogram, which is over five times higher than current lithium-ion batteries (150 - 300
Wh/kh). The technology uses sodium metal as fuel and atmospheric oxygen as the
oxidant, offering a potential pathway toward regional electric aviation while producing
sodium oxide byproducts that can capture atmospheric CO,,.

Key features

e Energydensity: 1,700 Wh/kg (stack level)
e Uses sodium metal (abundant, cheap) Liquid Na
e Air-breathing (oxygen from atmosphere)

e Ceramic electrolyte separates chambers

The fuel cell has two chambers separated by a solid Na+ Ceramic electrolyte
ceramic electrolyte. One chamber contains liquid l
sodium metal (heated to 98-130°C), and the otheris a

porous electrode which has humid air flowing through | Air cathode  Humidified
- » arr 02 |

it. The ceramic barrier allows only Na* ions to pass

v
through (blocking electrons and preventing direct

sodium hydroxide waste

contact between sodium and air)
Image: A. Hudson

At the anode sodium atoms lose electrons and become sodium ions.

Na(l) > Na* + e~

At the cathode, oxygen from the air is reduced and reacts with sodium to form
sodium oxide.
4Na* + O, +4e™ » 2Na,O
This byproduct exits the cell as exhaust and reacts with atmospheric moisture to
form NaOH and eventually sodium bicarbonate after reacting with CO..
Using humid air instead of dry air keeps the discharge products liquid, preventing
electrode clogging and maintaining high performance.

The following questions demonstrate how to use PAC to analyze this technology
from multiple angles: electrochemistry, design features, safety and green chemistry.

Work through each question, study the model answers, and notice how PAC creates
a clear, logical structure every time.


https://www.sciencedaily.com/releases/2025/05/250527124115.htm

Question 1

Explain why porous electrodes are essential in the sodium-air fuel cell. How does
this design feature improve efficiency compared to a non-porous electrode?

P — Principle
Porous electrodes increase the surface area available for redox reactions.
A — Apply

In the sodium-air fuel cell, the porous electrode creates more pathways for oxygen
gas diffusion and provides more active sites where Na® ions can react with O,. This
allows the reaction (4Na* + O, + 4e™ > 2Na,0) to occur at many sites simultaneously
across the electrode surface.

C — Consequence
Higher surface area increases the reaction rate, allowing more electrons to flow

through the external circuit per second. This increases the power output (the amount
of energy produced for a given time) of the fuel cell without adding weight, making it
more practical for applications like electric aviation.

Question 2a

Elaborate on the statement: "Sodium metal is extremely reactive and must be well-
protected. As with lithium batteries, sodium can spontaneously ignite if exposed to
moisture."" Explain why sodium is likely to spontaneously ignite. Support your
answer with appropriate chemical equations.

P — Principle
Group 1 metals are highly reactive and react vigorously with water.

A — Apply
If liquid sodium comes into contact with water in the fuel cell, it rapidly reacts to
form sodium hydroxide and hydrogen gas: 2Na(l) + 2H,0(l) » 2NaOH(aq) + H,(g)

This reaction is extremely exothermic (AH = -368 kJ.mol " H,).

C — Consequence

The heat released rapidly increases the temperature, causing the H, gas to
spontaneously combust with atmospheric oxygen: 2H,(g) + O,(g) » 2H,0(l) + heat

This combustion generates additional heat, which can accelerate the sodium-water
reaction, creating a runaway explosive chain reaction. This is why sodium must be
completely isolated from moisture in fuel cell design.



Question 2b

Propose safety measures for handling sodium in fuel cells.

P — Principle
Isolate reactive sodium metal in a separate sealed container and minimise contact
with water.
A—Apply
In the sodium-air fuel cell, the risk of violent reaction is reduced through two design
features:
1. Using humid air rather than liquid water as the oxidant—this provides oxygen
while limiting water contact.
2. Separating sodium from air with a solid ceramic electrolyte that only allows
Na* ions (not liquid sodium or water molecules) to pass through.

C — Consequence
The sodium metal remains in a stable state within its sealed chamber, able to

undergo controlled oxidation (Na > Na™ + e”) without risk of violent water contact.
This makes the fuel cell inherently safer than systems where reactive metals could
be exposed to moisture during operation or accidents.

Question 3

Using the electrochemical series, justify why sodium is an effective fuel for this cell.
Calculate the theoretical cell potential if the cathode reaction involves oxygen
reduction in alkaline conditions.

P — Principle

Sodium is a strong reducing agent with a very negative standard electrode potential
(E°=-2.71V for Na*/Na), indicating it readily loses electrons. Oxygen reduction in
alkaline conditions has a standard potential of E°=+0.40 V (for O,/OH™), indicating
that in this cell, it readily gains electrons.

A —Apply

In the sodium-air fuel cell, sodium undergoes oxidation at the anode (Na~> Na™* +¢e")
while oxygen undergoes reduction at the cathode (O, + 2H,0 + 4e™ > 40H").

The theoretical cell potential is:

E°cell = E°cathode - E°anode = (+0.40 V) - (-2.71V)=+3.11V

C — Consequence

The theoretical cell potential (3.11 V) is substantially higher than other fuel cells such
as PEM hydrogen fuel cells (1.23 V). Even after accounting for losses from
overpotentials and electrical resistance, sufficient voltage remains. The high voltage
per electron contributes to an energy density of > 1,500 Wh/kg, making sodium an

effective fuel choice for weight-critical applications like electric aviation. 8



Question 4

Use the PAC method to show how the sodium-air fuel cell aligns with one green
chemistry principle and conflicts with another.

Alignment with green chemistry principles

P — Principle
Design for degradation
A — Apply

The fuel cell produces sodium oxide (Na,O) as a byproduct, which spontaneously
reacts with atmospheric moisture to form sodium hydroxide (NaOH), then sodium
carbonate (Na,CO,), and finally sodium bicarbonate (NaHCO,). These compounds
are water-soluble and naturally integrate into environmental systems rather than
persisting as hazardous waste.

C — Consequence
Unlike toxic or persistent degradation products, such as sulphur oxide compounds

which are exhausted from the combustion of aviation fuels, the byproducts from the
sodium-air fuel do result in long-term contamination are the compounds naturally
cycle through the aquatic ecosystems. For example, sodium bicarbonate can help
buffer ocean acidity when deposited in waterways, potentially contributing to ocean
deacidification.

Conflict with green chemistry principles

P — Principle
Use of renewable feedstocks
A — Apply

While sodium is abundant in Earth's crust, it is not renewable. Current production
methods involve electrolysis of molten sodium chloride, which requires significant
electrical energy which is often derived from non-renewable fossil fuel sources.

C — Consequence
This limits overall sustainability because upstream sodium production may involve

significant greenhouse gas emissions from electricity generation. Unless electrolysis
is powered by renewable sources like solar or wind, these emissions could partially
offset the environmental benefits gained during fuel cell operation.

Remember

PAC isn't about memorising a formula.

It's about giving your brain a clear pathway through complex material.
The more you practice, the more natural it becomes— until you're doing it
automatically without even thinking about it.
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