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A b O u t I R E N A Intfernational Renewable Energy Agency

* Inter-governmental agency
established in 2011

* Headquarters in Abu Dhabi, UAE

* |RENA Innovation and Technology
Centre — Bonn, Germany

« Permanent Observer to the United

Nations — New York @ 159 Members

24 States in Accession
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Mandate: Assist countries to accelerate renewable
energy deployment



IRENA Work Programme and MTS

International Renewable Energy Agency

WP 2018-19 and MTS 2018-2022: Strategic objectives and activities

Centre of excellence for energy transformation: Empower effective policy
and decision-making by providing authoritative knowledge and analysis on
RE-based energy transformation at global, national and sectoral levels;

Global voice of renewables: Shape the global discourse on energy
transformation by providing relevant timely, high-quality information and
access to data on renewable energy;

Network hub: Provide an inclusive platform for all stakeholders to foster
action, convergence of efforts and knowledge sharing for impact on the
ground;

Source of advice and support: Support country-level decision-making to
accelerate the renewables-based transformation of national energy systems,
advance strategies to diversify energy sources, reduce global emissions and
achieve sustainable development.



Global Commission on the Geopolitics of (@5, GLOBAL COMMISSION
T8 ON THE GEOPOLITICS

E n e rgy Tra n Sfo r m at i 0 n ~ OF ENERGY TRANSFORMATION International Renewable Energy Agency

 Better understanding of the geopolitical implications of a large-scale shift to renewable energy

» The Global Commission is chaired by Olafur Ragnar Grimsson and is accompanied by 18
Commissioners. Maria van der Hoeven is one of the Commissioners.

January 2018 24-26 June 2018 November 2018
8" |[RENA Assembly Oslo, Norway TBC
Abu Dhabi, UAE 2nd meeting of the 4th meeting of the

The Commission was Commission Commission
established by IRENA
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18-20 April 2018 September 2018 11-13 January 2019
Berlin, Germany Reykjavik, Iceland 9t IRENA Assembly
1 meeting of the 3 meeting of the Abu Dhabi, UAE
Commission Commission Launch of the Full Report

Supported by:




IRENA’s Regional Engagement — Clean Energy Corridors

International Renewable Energy Agency

Resource Assessment &
Regional Regional Zoning

Initiative in Initiative in
South-East Central Asia
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Aim: Integrate higher shares of RE in power systems and
promote cross-border trade of renewable power



Renewable Readiness Assessments for 34 countries
Assessment of policy frameworks, together with country stakeholders

International Renewable Energy Agency

Europe
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IRENA roadmaps
Techno-economic options analysis for 70 countries
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one under development (South-East Europe)




IRENA Innovation Outlooks and Technology Briefs

International Renewable Energy Agency

¢ 23 Technology Briefs provide a concise summary for policy-makers on the current
status of various renewable energy technologies

® Analyse emerging trends in renewable energy technologies and renewable-
enabling technologies

¢ Identify technology-, industry- and policy-related challenges to be overcome and
assesses the potential breakthroughs and research needed to scale-up the
deployment of renewable-based solutions

® Coming: Smart Electric Vehicles charging and Thermal Energy Storage

gﬁ's‘ggﬁ)lgnons BIOFUELS FOR AVIATION
TECHNOLOGY BRIEF
FOR SHIPPING ‘EL\E%TT)?»\/E«E{\ELES
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Hydropower Solar Heat
for Industrial Processes
Biomass Technoloay Bief Wind Power
for Heat and Power




Renewables trends and prospects



Global power capacity additions

International Renewable Energy Agency

[GW/yr]
180
160 _
140 Since 2012 >50% of total
capacity additions
120
100
2017
i « 167 GW
60 added globally
40 * 94 GW solar
PV
20 47 GW wind
- 3GW
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 biomass

Renewables (GW) 20 21 30 36 36 42 53 65 81 87 104 114 121 127 157 164 167
==Non-renewables (GW) 79 155 122 103 97 149 129 128 121 148 154 111 102 167 83 106 105

Source: IRENA statistics

In 2017 around 26% renewable power generation share worldwide, >2000 GW capacity

» Wind and solar PV led the uptake of RES
» Solar PV accounted for more than 56% of total RES additional installed capacity in 2017
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Rapidly falling cost for renewable power
Lowest cost projects 2-3 US cents/kWh

International Renewable Energy Agency

Global Levelised Cost of Electricity

Solar PV Offshore wind Concentrating solar
power

Onshore wind
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& IRENA

Energy transition roadmap for 2050 - REmap et BEhewe EveR RGBTy

Renewables and efficiency can deliver the transition

Energy-related CO2 emissions (Gt/yr)
Reference Case: 35 Gt/yr in 2050

35 L — e,
Buildings 3
30 Buildings
94% CO2emission
2 Transport reductions from
Renewables and
20 Energy Efficiency
15
.J
REmap Case: 9.7 Gt/yr in 2050
5
0

2010 2015 2020 2025 2030 2035 2040 2045 2050
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REmap

International Renewable Energy Agency

Renewables would account for two-thirds of primary supply

Total primary energy supply (EJ/yr)

800
TPES increases Accelerated deployment
700 40% by 2050 of renewables and
policies \ TPES

500

15%
400
300
200
100

0
2015 2050
Reference Case “— REmap Case —

Excluding non-energy use of fossil fuels

mm Renewable

I Non-renewable
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REmap

International Renewable Energy Agency

Investments will need to shift to renewable energy and energy efficiency

Reference Case energy sector investments
between 2015-50 (USD trillion)

Power grids and flexibility; 9

\ Fossil fuels; 42

USD trillion

Reference
Case

Renewable
energy; 9.6

Energy

efficiency; 29 Nuclear; 3.7

REmap Case energy sector investments
between 2015-50 (USD trillion)

Power grids and flexibility; 18

CCS & others; 0.5 \

Fossil fuels; 22.3

Nuclear; 3.6

120

USD trillion

REmap
“— Case —

Renewable
energy; 22.3

Energy efficiency; 53
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Fossil fuel use (left), 2015-2050; decline in fossil fuel use by sector - REmap Case
relative to Reference Case
Energy-related fossil fuel demand (EJ) Demand decline in 2050 (EJ)
200 200

-70%

-55%

150 150
100 100
50 I 0

-128 &)
-108 &)
0 0
2010 2015 2020 2025 2030 2035 2040 2045 2050 Coal Qil Gas
---------- Reference Case I Transport 0 District heat
REmap Case Buildings Power
I Industry Remaining in 2050

Under the REmap Case, both oil and coal demand decline significantly and continuously, and natural gas demand

peaks around 2027. In 2050, natural gas is the largest source of fossil fuel. .
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HYDROGEN FROM
RENEWABLE POWER

TECHNOLOGY OUTLOOK
FOR THE ENERGY TRANSITION

Hydrogen prospects

September 2018



Hydrogen potential by 2050

International Renewable Energy Agency

Global Potential by 2050

Technical potential is significant

Economic potential will depend
on cost reductions and
competition with other options,
with estimates in the order of
10-100 EJ

Switching current feedstocks
from fossil fuels to RE has a
potential of 10 EJ today

(chart excludes feedstocks)

WEC — worldwide 6 000 GW electrolyzers by 2030
DENA - 533 to 908 TWh PtX fuels by 2050, 29-45% of German primary energy

60
50
40

30

10

0 0.9

IRENA, 2018 Hydrogen Council, 2017

I Industry I Transport I Buildings Power generation and buffering 17



International Renewable Energy Agency

What’s new ?
Hydrogen has been discussed for 25 years

Climate action urgency and need to decarbonize energy supply and demand
= Recognition that electrification has its limits
= EV have changed the outlook for the transport sector
= Scarcity of decarbonization options in buildings heating, industry
 Low cost renewable power 2-3 cents/kWh
» Prospect of stranded gas assets and realization that this infrastructure can be used for hydrogen
= Future role of the gas industry
* Netherlands: decline of national gas production
* Norway: desire to use the remaining 2/3 of the resource
« Elsewhere: ability to use hydrogen as clean energy carrier that can be produced from many resources
 Challenges
= Economics
= Chicken-or-egg problem related to infrastructure



Eurelectric: EU electrification projections

up to 60% by 2050 - still 40% other solutions needed Itemational Renewable Energy Agency

2015 - Baseline ‘ 2050 scenarios

Scenario 1

Scenario 2 Scenario 3

EU economy

decgrbonlzatlon ~220
achieved vs.

199012

Driving towards

full EU economy decarbonization

Table. Electrification fraction by scenario in Europe in 2050

Europe scenario 1 scenario 2 scenario 3
80% decarbonization  90% decarbonization ~ 95% decarbonization
transport 29% 43% 63%
building 45% 54% 63%
industry 38% 44% 50%
total 38% 48% 60%

Note: 1. the results is for the European region;
2. there is no data for renewable energy or its fraction.

2015
baseline

1%
34%
33%
22%

Direct electrification results by scenario

2015 Baseline 2050 Scenario1 2050 Scenario 2 2050 Scenario 3

Total EU  yecarbonization vs 1990 @ @

Sole Direct

electrification rate

22% 38% 48% 60%

Total

Direct 0 o o o,
transport 1% 29% 43% 63%

electrification rate
= my Hj

m
Total -
- Direct 349% 45% 54% 63%
buildings  gectrification rate ’
i #h k: ]
Total -
X . Direct 33% 38% 44% 50%
Industries  ¢jqctrification rate
/4 o ¢ H E i i
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Hydrogen in the energy transition

Hydrogen and electricity, as energy carriers, are complementary in a world dominated by renewable energy

Decarbonising Transport: Decarbonising Industry:
* Fuel cells o Replace fossil-fuel based feedstocks
o FCEVs are complementary to BEVs in o Applications in iron & steel, petrochemical,
decarbonising road transport refining
o Technical maturity within the next 5-15 o Potential in high-temperature processes
years

O Suitable for road, rail and maritime

* Drop-in synthetic liquid fuels Decarbonising the gas grid:
o  Complementary to biofuels o Capture low electricity prices on the
o Mainly aviation market

o Provide seasonal storage for solar and wind

o Provide grid services from electrolysers

20
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H yd roge n i n t h e e n e rgy t ra n S it i O n International Renewable Energy Agency

Hydrogen and electricity, as energy carriers, are complementary in a world dominated by renewable energy

ELECTRICITY

w, & &

f

By-product Biomass Imported

axp!

Storage
(Salt caverns,
starage tanks)

=l

Electrolyser

based Hydrogen
hydrogen

BUILDINGS

A

€O (CCy POWER l
Methanation @

F— Blending

Gas grid
TRANSPORT

INDUSTRY
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Hydrogen production via electrolysis —

off-grid solar and wind

International Renewable Energy Agency

Requires PEM flexibility to be able to follow
variations in VRE generation

Possible to access lowest-cost electricity
from best renewable resources, avoid grid
cost

Low capacity factor for electrolysers is a
significant challenge

Cost reductions in solar, wind and
electrolysers will increase competitiveness
over time

Guaranteed to be 100% RE

Requires supply chain to transport H, to
demand, or relocate demand/manufacturing
(e.g. as happened in the past for aluminum)

Production cost:

o Current: 5-6 S/kg - Target: 1-3 S/kg

22



Hydrogen production via electrolysis —
off-grid solar and wind

International Renewable Energy Agency

120 | : .
Target production cost

100 |

80

60 |

A0 | 1840 FLH®

LCOE (USD/MWh)

6 840 FLH*

6 840 FLH"

1840 FLHY

*FLH = Full Load Hours

0
0 2 4 E 2 10 12 14
LCOH (USD/kg of H,)
@ Cchie-pPv+wind UAE - PV @  rorth Sea - Offshore wind
""""" = Linear (Chile - PV + Wind) Linear (UAE - P\ === Linear (North Sea - Offshore Wind)

* Bubble size proportional to load factor of electrolyser, depending on full load hours of VRE 23



Context: the Global Energy Transformation

* Paris Agreement: Average global temperature to T
| DHC'3%

“well below 2 degrees” =
| INDUSTRY

Iron and Steel 6 %

Cement 7 %
Chemical 5 %

Aluminium 1 %f
Paper0 %

-

* Presently, no economically viable options to rd R
decarbonise one third of energy-related x
emissions (mostly from the energy-intensive cowen o]
industry sectors and freight transport) |

o

| 7% OTHERS

e

P space™ — — —
f,f ~ Heating 5%

Water
Heating 2 %

* Hydrogen could be the “missing link”: supply
renewable energy to sectors for which 7 [T e
electrification is otherwise difficult, such as : mm%
transport, industry and processes that require
high-grade heat
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Hydrogen today

International Renewable Energy Agency

Hydrogen is used at scale as a feedstock in industry

Global demand (2015):
8 exajoules (EJ)

o Largest consumers:
Ammonia and Qil
Refineries

o Lower share: iron
and steel, glass,
electronics, chemicals
and bulk chemicals

e Current hydrogen

production is almost
entirely fossil-fuel based

* Around 4% by electrolysis

INDUSTRY KEY APPLICATIONS PERCENTAGE OF HYDROGEN
SECTOR GLOBAL Hz DEMAND | SOURCES
= Ammonia
EHEH'EM. . ED"::'ITIEFE
REFINING | - ox>cie @
= Annealing
|RDH & ETEEI. « Blanketing gas g
= Forming gas 3
« Semiconductor % ‘ “] 1 Bl Matural Gas
GENERAL | (B2l - o
INDUSTRY - Hydrogenation of fats :g E:::Itr-:-rﬁii

= Cooling of generators
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Hydrogen Pathways

International Renewable Energy Agency

e Short-term:

o Electrolyser operators need sufficient guaranteed take-off of hydrogen production for mobility or
industrial demand

e Medium-term:
o Additional revenue streams from ancillary services market for PEM electrolysers
o Injection into the gas grid
+ Run at high load factors

- May not have enough hours in a year with low-enough prices in electricity markets

e Longterm
o Carrier for linking the best renewable resources from remote locations to the global energy market

o On-site production for energy intensive industry from electricity grid with high shares of renewables v



Green hydrogen production pathways

International Renewable Energy Agency

* Most established

o Water electrolysis

o Steam reforming of
biomethane/biogas
with/without CCS and CCU

Less mature

O

Biomass gasification and
pyrolysis
Thermochemical water
splitting

o Photo-catalysis

o Supercritical water gasification
of biomass

o Combined dark fermentation
and anaerobic digestion

- L¥

Sun
irradiation
Thermochemical  Photo-
water splitting  catalysis
e
I
: < L
Biomass =
S Pyrolysis & 9}?
% and Gasyfication
g biogas Supercritical Anaerobic digestion Steam
& water gasification & dark fermentation reforming
Renewable c | | = |1';| c 3
o Electricity SOEC —— [=||%
electrolysers PEM L
% electrolysers ALK
electrolysers

Applied research / Prototype / Demonstration / Commercial



Hydrogen production via electrolysis — grid connected

International Renewable Energy Agency

Alkaline

o Mature

o Lower Capex

o Lifetime is twice that of PEM

o Less flexible

o Mostly active as buyer in day-ahead

market

Connected to the grid
(ALK or PEM)

o Low load factors yield a
high LCOH

o At higher load factors,
electricity prices are the
determining factor in
the LCOH

Proton Exchange Membrane (PEM)

o Approaching commercial stage

O

O

Higher Capex
Lifetime is shorter
Can provide ancillary services

Can follow real time prices in intra-
day and balancing markets

LCOH (USD/kg)

LCOH (USD/kg)
S

Ko
[=]

0%

10 %

ALK LCOH - Grid connected Denmark

20% 30% 40% 50 % 60 % 70% 80 % 90% 100%
Load factor

2017: Electricity mix DK

o ?2(25: Electricity mix DK

2017: Electricity mix DK with grid services
2025: Electricity mix DK with grid services

Target Costs

PEM LCOH - Grid connected Denmark

.
.
LE]
ca,
LI
---------
------------------------------

20% 30 % 40% 50 % 60 % 70% 80 % 0% 100%
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Decarbonising the gas grid

Use existing transportation pipelines for hydrogen from RE or gas/CCS Intemational Renewable Enefay Agency

Short-term: Injection could support
early-stage hydrogen infrastructure
development and economies of scale

. Up to 10-20% blend: minor investments

*  Greater than 20%: significant changes in
infrastructure and end-use applications

Long-term: Store large amounts of
renewables while decarbonising gas

. Large capacity of gas network EU natural
gas grid stores around 1200 TWh of energy

. Enable further deployment of solar and
wind into continental power grids where
renewable resources are close to gas grid

*  Possible creation of a global market
tapping into best remote/off-grid
renewable resources

29



International Renewable Energy Agency
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Decarbonising the gas grid




Example: Iron and Steel
Relocation of energy intensive processes

» The bulk of direct CO, emissions is related to iron making process

 Today iron making is coke and coal based

* Interesting opportunities to use hydrogen gas (from renewable energy)

 Hydrogen based Direct Reduced Iron (DRI) production is technically feasible

DRI is a bulk commodity

« Possible solution: replace iron ore imports with imports of DRI produced at the mining site
« Hydrogen steelmaking is being explored in Austria and Sweden



Deploying the hydrogen supply chain

International Renewable Energy Agency

* Achieving economies of scale for hydrogen production is key
« Beyond a certain consumption threshold, on-site production is the only viable production option

* Investment in large-scale production capacities can only be justified today if a large portion of the
production is sold through long-term contracts

The historic deployment pattern could serve as a blueprint for future investments in the
hydrogen supply chain

1. Start with investments focused on multi-megawatt capacities for large consumers

2. Second phase, new production facilities can be leveraged to become “semi-centralized” or “centralized”
supplying smaller local consumers

3. Regions with best renewable resources can export hydrogen globally (e.g. see current LNG market
growth)
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Deploying the hydrogen supply chain

0
==

g*®—»—»
= v -

O,

H, production H, compression H, logistics H, distribution

Cumulated supply
chain cost - 5-6 $/kg S S 13-16 $/kg
current estimate

Cumulated supply
chain costs - 1-3$/kg S S 3-7 $/kg
targets (Europe)
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Recommendations for policy makers

International Renewable Energy Agency

* Technology is ready, costs need to
decrease significantly

e Initial efforts

o Large-scale applications with limited

investment requirements to trigger
cost reductions through scale

Large industry (refineries, chemicals
facilities, etc) and heavy-duty
transport, difficult to decarbonise
without hydrogen from renewables

* Necessary conditions for scale-up

©)

Stable and supportive policy
framework to encourage investments

Instruments aimed at final consumers
can trigger demand and justify
investment in infrastructure

Key Challenges

Enabling measures

Electricity system ii

Electricity prices

Difficulty to monetise
electrolyser flexibility

Facilitate access to low-cost
renewable electricity

Partial exemptions of grid
charges, taxes and levies for
electrolysers*

Create a level playing field for
flexibility services to unlock
access fo electrolysers

Green £ Conditioning lll

H. =[] and é:) P |

production logistics Distribution End use
@ Transport

Technology scale-up

Promote market uptake
de-risking/insurance instruments
(“take or pay*)

- Initial high costs and low volume
- Investment and technology risk perception
- Need for dedicated refuelling infrastructure (HRS)

i Industry
- High green hydrogen price vs.
m fossil-based hydrogen
- Hydrogen for high temperature heat significantly
more expensive than current fuels

Natural gas grid
o - Hydrogen cost vs. natural gas
L] - Blending limits (technical)

@ Transport

- Market pull regulations

(zero-emission zones, emission standards, etc.)
- Market push instruments

(CAPEX subsidy, tax rebates, etc.)
Infrastructure: Long-term supporting policy for
hydrogen giving visibility for industrial actors,
investment subsidies for HRS

- Industry

l - Carbon pricing
ﬁ - Sectorial mandates

(emission, RE content, etc.)

Natural gas grid
- Feed-in tariff
E5_F3 - Carbon pricing
- Harmonized blending limits

Recognising hydrogen’s role in energy transition
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Thank youl!

www.irena.org E www.instagram.com/irenaimages

u www.twitter.com/irena m www.flickr.com/photos/irenaimages

n www.facebook.com/irena.org www.youtube.com/user/irenaorg



IRENA Project Facilitation

International Renewable Energy Agency

Global Atlas

FOR RENEWABLE ENERGY

Site identification & appraisal

www.irena.org/globalatlas

RESOURCE

'YOUR SOURCE FOR RENEWABLE ENERGY INFORMATION

Policy analysis and country profiles Project Concept
resourceirena.irena.org/

Pre-feasibility

Deployment Project Pipeline

Clean Energy Corridors
SIDS Lighthouses

IRENA ADFD Feasibility

Supporting Energy Transition

Financing facility Investor-ready

www.irena.org/ADFD

Matchmaking

IRENA
PROJECT
NAVIGATOR

Project development support
www.irena.org/navigator

SUSTAINABLE ENERGY

MARKETPLACE

www.irena.org/marketplace
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