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Global total primary energy demand, population and GDP, 1950-2019
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Global primary energy demand and energy-related CO, emissions, 1971-2020
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* Energy demand has historically been driven by GDP and population, reaching a sevenfold increase from 1950.
* Energy-related CO2 emissions generally have risen with energy demand since the 1970s; the Covid-19 is set
to cause the largest decline in annual emissions over that period.
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Exhibit 2: Global hydrogen projects across the value chain
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Table 2. Physical properties of hydrogen

Hydrogen Natural Gas Gasoline

Density (gaseous) 0.089 kg/m’ (0°C, 1 bar) 1/10 of natural gas 0 40 1 40 1 30

Density (liquid) 70.79 kg/m3 (-253°C, 1 bar) 1/6 of natural gas
Boiling point -252.76°C (1 bar) 90°C below LNG Flammability in air
o/ _ 0 o/ _ 0 o/ _ o

Energy per unit of mass (LHV) 120.1 Ml/kg 3x that of gasoline (LFL — UFL) SONCEECES EErc el Lt
Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas e
oot _ . i Mgst ea:sny'lgnlted 29% 9% 20,

pecific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LING mixture in air
Flame velocity 346 cm/s 8x methane
Ignition range 4-77% in air by volume 6x wider than methane Flame temperature (°F) 4010 3562 3591
Autoignition temperature 585°C 220°C for gasoline
Ignition energy 0.02 MJ 1/10 of methane

Notes: cm/s = centimetre per second; kg/m? = kilograms per cubic metre; LHV = lower heating value; MJ = megajoule; MJ/kg =
megajoules per kilogram; MJ/L = megajoules per litre.
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® Policy and technology uncertainty
¢ The speed with which governments will push the transition to
low-carbon energy sources in different countries and sectors
remains a major uncertainty.
¢ Most applications for low-carbon hydrogen (on a small scale)
are not cost-competitive without direct government support.

® Value chain complexity and infrastructure needs

B Regulations, standards and acceptance
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_ PGM Mass Activity (A/me) Durability ECSA (/)

Huang et al., Science, 348 (2015) 1230-1234 6.98 5.5 % loss*
Chen et al., Science, 343 (2014) 1339-1343 5.7 0 %* 67
Choi et al, ACS Nano, 8 (2014) 10363-10371. 1.6 1.7%* 90
* See references for details on voltage cycling
[ T) 2 2 3 . -
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« Atthe RDE level, mass activity and durability targets have already been greatly exceeded.
« Additionally, these catalysts would appear to have sufficient ECSA (all > 60 m?/g) to avoid the ‘oxygen transport’

problems observed at low PGM loadings.

Scale-up, and incorporation into high performance/durable CCLs must now be top priority.
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Non-PGM catalysts demonsitrate activity approaching that of platinum.
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» High ORR activity reached with polyaniline-based
and cyanamide-based catalysts

- Intrinsic catalyst activity is projected to exceed target of 130 A/cm?3
at 0.80 V _ ———

1) D Banham, S Ye, K Pei, J Ozaki, T Kishimoto, Y Imashiro, “A review of the stability and durability of non-precious metal catalysts for
the oxygen reduction reaction in proton exchange membrane fuel cells”, Journal of Power Sources, 285 (2015), 334-348,;
2) http://Iwww.hydrogen.energy.gov/pdfs/review11/fc000 papageorgopoulos 2011 o.pdf
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