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Current production pathways of hydrogen in the (petro-)
chemical industry

= Via syngas processes
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Current hydrogen markets and applications

Overall hydrogen market = 50 +/-5 Mill. t H,/yr = 500 G Nm? H,/yr = 1500 TWh/yr
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Potential future production pathways for hydrogen

= Thermal processes:
« Thermal water splitting (T> 2500°C)
« Thermochemical cycles (T=1000-1500°C)

= Biomass-based hydrogen production
« Gasification
Pyrolysis (e.g. pyroreforming of glycerol)
Anaerobic fermentation
Microbiological hydrogen production (algae, bacteria, ...)

= Photocatalysis
* Photocatalytic water splitting

= Photoelectrolysis
 Semiconductors
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Potential future use of hydrogen in the (petro-)chemical
Industry

= Biomass / Biorefineries
« Deoxygenation
- HVO (Hydrotreated vegetable oils - renewable diesel)

,Green” fuels (in combination with a renewable carbon source)
* Methanisation (with biogas CO,)
* Fischer-Tropsch
« Methanol production

,Green” substition of fossil raw materials (in combination with biomass)
« Lower GHG emissions
* Reduced dependence on fossil fuel imports

Abundant precursor for reduction processes

Extended opportunities for fuel upgrading and hydrotreating



Production Costs of Hydrogen, Trends
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= 1-Steam reforming based on
0.12U.S. $ per Nm?@ natural gas
= 2=-Low-temp. steam reforming based on
0.12U.S. $ per Nm3 natural gas
== 3=Methanol cracking based on
160 U.S. $ per ton methanol
=== 4—Electrolyzer based on 0.04 U,S. $ per kWh
=== 5-Electrolyzer based on 0.08 U.S. $ per kWh

Fig. 6. Production costs per Nm® H,

R.E. Stoll, F. von Linde Hydrogen — What are the costs
Hydrocarbon Processing, December 2000 page 42-46



OPEX vs. CAPEX Steam Reforming
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Figure 5 Operating costs (Opex) as a percentage of overall hydrogen production costs

Source: LUIGI BRESSAN and CHRIS DAVIS
Foster Wheeler in Processing Shale Feedstocks 2013 27



Dependence on energy prices

Current H, production cost (US$/GJ) Projected H, production cost 2020-2030 (US$/GJ)
Sensitivity to energy price Sensitivity to technologies & processes
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Production Costs of Hydrogen (LHV)
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Scale?

= NH; production (Europe, EU 27): 16,8 Mill. t NH;(2011) - 3 Mill. t H,
= Electrolysis (4,3 kWh / m3 H,) - 145 TWh
= Total electricity production (Germany, 2011): 609 TWh
= Electricity by renewables (Germany, 2011). 124 TWh

(49 TWh Wind, 33 TWh Biomass, 19 TWh PV, 18 TWh Hydro, 5 TWh Waste)
= unproduced” renewable electricity (Germany, 2011): 421 GWh
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Market Disruption?

= About half of overall hydrogen production is used for the production of
ammonia which in turn is the basis of urea and fertilizers.

= What effect would the establishment of a new big market on hydrogen as
transportation fuel (with generally higher prices than the current ones for
hydrogen) have on the price of fertilizers and agricultural production?
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