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Introduction



• Objectives:
 Goal is not to create a roadmap set in stone, uncertainties to 2050 

are huge
 Create a flexible framework that nurtures innovation 

• Expected outcomes:
 Identify innovation gaps

• Gaps by sector, application and technology
 An innovation timeline (roadmap)
 Contribution to ongoing international efforts: Mission Innovation, 

Clean Energy Ministerial, UNFCCC and others
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Innovation agenda to decarbonise the energy sector



• Starting point:

 Innovation is more than research and development (R&D), from 
technology push to market pull

 Major increase in R&D investment is needed. 
 Technology innovation must be accompanied by innovation in 

infrastructure, system operation, business models and regulation
 While the renewable power sector is attracting significant attention, end-

use sectors continue to be overlooked 
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Innovation agenda to decarbonise the energy sector



Need for a holistic 
innovation approach



Energy sector innovation ecosystem
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The emergence of urgently needed solutions to decarbonise the global energy sector 
requires combining various policy instruments across the whole technology lifecycle, from 
R&D to market scale-up



R&D spending on renewable energy in 2004-2015
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There is an urgent need to increase R&D investment
R&D for renewables is not currently growing
Most R&D investments directed to the power sector | end-use sectors overlooked



Innovation for power sector transformation

8

The technology to push a global renewable power transition in the next two decades is 
already here, but more innovation is needed in enabling infrastructure, system operation, 
and business models to scale up deployment



The role of renewables in 
the decarbonisation



Renewables are a crucial part of the solution
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Renewables would account for half of total emission reductions in 2050 



Increased investment needs by sector and technology
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Meeting the 2oC target requires investing an additional USD 29 trillion between 2015 and 2050 
compared to the Reference Case

End-use sectors dominate increases in investment needs to 2050 by sector and technology



Power sector transformation is ongoing
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Renewables account for more than half of annual power generation capacity additions 
since 2012
Renewable energy share in power generation growing at 0.7% per year
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Energy and population

		

				Electricity output (GWh)		IEA B2020				WEO 2015				TPES (in TJ)		IEA B2020				WEO 2015

						1974		2013		2040						1974		2013		2040

				Coal and coal products		2290848		9594259						Coal and coal products		62398981		164127863

				Peat and peat products		4346		6932						Peat and peat products		501587		137871

				Oil shale and oil sands		0		11406						Oil shale and oil sands		0		182325

				Crude, NGL and feedstocks		0		138482						Crude, NGL and feedstocks		118844491		178934473

				Oil products		1475159		889213						Oil products		-2517093		-2689837

				Natural gas		782210		5074959						Natural gas		41964140		121485401

				Nuclear		272711		2478169						Nuclear		2984569		27067019

				Hydro		1422016		3789904						Hydro		5120179		13646110

				Geothermal		6965		71615						Geothermal		266563		2770967

				Solar/wind/other		597		788963						Solar/wind/other		2258		3984749

				Biofuels and waste		32647		461231						Biofuels and waste		27365470		57652899

				Heat production from non-specified combustible fuels		0		0						Heat production from non-specified combustible fuels		0		0

				Electricity		0		0						Electricity		-5336		123715

				Heat		0		2030						Heat		0		92043

				Total		6287499		23307163						Total		256925807		567515596

				In TWh										In EJ

						1974		2013		2040						1974		2013		2040

				Coal		2,295		9,613		11,868				Coal		63		164		185

				Oil		1,475		1,028		533				Oil		116		176		198

				Natural gas		782		5,075		9,008				Natural gas		42		121		177

				Nuclear		273		2,478		4,606				Nuclear		3		27		50

				Hydro		1,422		3,907		6,180				Hydro		5		14		22

				Other renewables		40		1,133		7,249				Other renewables		28		65		118

				Total		6,287		23,233		39,444				Total		257		568		751

				Population (bn)

				Total		4.0		7.2		9.2

				Sources:

				UN, 2015, World Population Prospects: The 2015 Revision, UN Department of Economic and Social Affairs, Population Division, UN, New York

				IEA, 2016, World Energy Statistics 2016, IEA, Paris

				IRENA, 2016, Renewable Energy Statistics 2016, IRENA, Abu Dhabi

				IEA, 2015, World Energy Outlook, IEA, Paris



Adrian Whiteman:
IRENA data for renewables

Adrian Whiteman:
New policies scenario

Adrian Whiteman:
New policies scenario

Adrian Whiteman:
Medium variant projection
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TPES chart

		Coal

		Oil

		Natural gas

		Nuclear

		Hydro

		Other renewables



2040

11868

533

9008

4606

6180

7249



Capacity and generation

		



1974			 2013			 2040
Population (bn)	    4.0			      7.2			      9.2
Electricity (TWh)	6,300			23,200			39,400

1974

Coal

Total

Total

Total

Oil

Natural gas

Nuclear

Hydro

Other renewables

2295.194

4

7.2

9.2

1475.159

782.21

272.711

1422.016

40.209



Capacity and generation

		Coal

		Oil

		Natural gas

		Nuclear

		Hydro

		Other renewables



2013

2013

164.448059

176.244636

121.485401

27.067019

13.64611

64.624373



Ren-NRen chart
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2040

184.805352

198.24498

177.478452

50.283468

22.231908

117.816552



IRENA capacity data

		

				Capacity additions (GW)

						2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

				Renewables (%)		16%		17%		21%		24%		29%		25%		29%		40%		44%		39%		48%		51%		58%		58%		62%

				Non-renewables (%)		84%		83%		79%		76%		71%		75%		71%		60%		56%		61%		52%		49%		42%		42%		38%

				Total		100		134		147		153		131		177		203		178		180		228		227		237		207		221		253

				Renewables		16		23		31		37		38		44		58		71		80		90		109		120		120		128		156

				Non-renewables		84		111		116		116		93		133		145		107		100		138		118		117		87		93		97

				Pumped hydro		2		2		0		2		3		3		4		2		5		10		5		3		1		1		2

				Generation (TWh)

						2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

				Renewables		2,791		2,885		2,897		3,133		3,287		3,418		3,545		3,743		3,858		4,190		4,427		4,754		5,040		5,294

				Non-renewables		12,755		13,266		13,805		14,386		14,983		15,535		16,268		16,454		16,256		17,248		17,731		17,915		18,261		18,409

				Total		15,546		16,152		16,702		17,519		18,270		18,953		19,813		20,198		20,114		21,438		22,158		22,669		23,301		23,703

				Sources:

				IRENA, 2016, Renewable Energy Statistics 2016, IRENA, Abu Dhabi

				IEA, 2016, Electricity Information 2016, IEA, Paris

				Chart data - note that renewables excludes pumped and mixed hydro plants

						2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

				Renewables		14		21		31		35		35		41		54		69		75		79		104		118		119		127		154

				Non-renewables		86		113		116		118		96		136		149		109		105		148		123		120		88		94		99

				Renewables		2,791		2,885		2,897		3,133		3,287		3,418		3,545		3,743		3,858		4,190		4,427		4,754		5,040		5,294

				Non-renewables		12,755		13,266		13,805		14,386		14,983		15,535		16,268		16,454		16,256		17,248		17,731		17,915		18,261		18,409

						2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

				RE share in generation [%]		17.9558280517		17.8646456781		17.3433451268		17.8814929276		17.9902464638		18.0361685729		17.8908593493		18.5344052702		19.1807779544		19.546371801		19.9793341205		20.9702710666		21.6295089111		22.336252243		23.042995575



1974			 2013			 2040
Population (bn)	  4.0			    7.2			    9.2
TPES (EJ)		 260			  570			   750

1974

1974

Coal

Oil

Natural gas

Nuclear

Hydro

Other renewables

62.900568

116.327398

41.96414

2.984569

5.120179

27.628955

Author:
based on GTR 2016



IRENA capacity data
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Renewable capacity add chart

		2001		2001		2001		2001

		2002		2002		2002		2002

		2003		2003		2003		2003

		2004		2004		2004		2004

		2005		2005		2005		2005

		2006		2006		2006		2006

		2007		2007		2007		2007

		2008		2008		2008		2008

		2009		2009		2009		2009

		2010		2010		2010		2010

		2011		2011		2011		2011

		2012		2012		2012		2012

		2013		2013		2013		2013
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Net capacity additions

Electricity generation

TWh

GW

Renewables

Non-renewables

Non-renewables

Renewables

13.9739

85.739

12754.611

2791.4182877828

21.1651

112.882

13266.34

2885.4622409788

30.6856

116.112

13805.289

2896.680153215

35.3231

117.8466

14386.008

3132.586179166

34.9488

95.974

14982.847

3286.7445472755

41.2822

136.128

15534.754

3418.4278236466

54.0292

149.169

16268.435

3544.7488563602

68.7121

109.328

16454.014

3743.4866192133

75.2572

104.694

16255.971

3858.0199399607

79.2956

148.499

17247.75

4190.375770206

103.7457

123.177

17731.06

4427.04104192

117.726

119.676

17914.952

4753.6718732946

118.6593

88.297

18261.475

5039.993124372

127.0905

94.364

18408.995

5294.4645054612

154.129

99.3131



Renewable capacity tot chart

								2000		2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

		Electricity Capacity (MW)		Total renewable energy		World		842 427		858 146		881 193		911 991		949 161		987 084		1 031 494		1 089 692		1 160 732		1 240 683		1 330 478		1 439 401		1 559 802		1 679 758		1 808 213		1 964 655

				Hydropower		World		782 636		789 894		803 354		821 948		846 219		869 467		893 190		924 952		959 170		993 330		1 025 165		1 056 967		1 090 403		1 134 165		1 171 864		1 207 659

				Mixed and pumped storage		World		107 447		109 186		111 068		111 180		113 027		116 001		119 129		123 298		125 626		130 320		140 819		145 996		148 672		149 969		151 333		153 646

				Marine		World		265		265		265		265		265		265		265		267		267		269		271		525		528		527		527		533

				Wind		World		17 330		23 969		30 858		38 703		47 116		58 509		73 281		93 552		119 664		150 180		182 743		222 050		271 713		303 462		350 293		416 638

				Solar		World		1 216		1 332		1 637		2 353		3 441		4 894		6 496		9 121		15 116		23 214		40 053		71 104		101 538		139 256		176 287		223 948

				Bioenergy		World		32 651		34 677		36 877		40 364		43 811		45 259		49 341		52 657		57 050		63 790		72 124		78 744		85 134		91 565		97 782		102 820

				Geothermal		World		8 329		8 010		8 202		8 358		8 309		8 690		8 922		9 143		9 464		9 900		10 122		10 010		10 486		10 785		11 459		13 056

		Capacity additions (GW)

				2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

		Marine and hydro		6		12		18		22		20		21		28		32		29		21		27		31		42		36		33

		Wind		7		7		8		8		11		15		20		26		31		33		39		50		32		47		66

		Solar		0		0		1		1		1		2		3		6		8		17		31		30		38		37		48

		Bioenergy		2		2		3		3		1		4		3		4		7		8		7		6		6		6		5

		Geothermal		0		0		0		0		0		0		0		0		0		0		0		0		0		1		2

		Share of renewables in capacity additions		16%		17%		21%		24%		29%		25%		29%		40%		44%		39%		48%		51%		58%		58%		62%

		Capacity total (GW)

				2000		2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015

		Marine and hydro		675		681		693		711		733		754		774		802		834		863		885		911		942		985		1,021		1,055

		Wind		17		24		31		39		47		59		73		94		120		150		183		222		272		303		350		417

		Solar		1		1		2		2		3		5		6		9		15		23		40		71		102		139		176		224

		Bioenergy		33		35		37		40		44		45		49		53		57		64		72		79		85		92		98		103

		Geothermal		8		8		8		8		8		9		9		9		9		10		10		10		10		11		11		13





		2001		2001		2001		2001		2001		2001

		2002		2002		2002		2002		2002		2002

		2003		2003		2003		2003		2003		2003

		2004		2004		2004		2004		2004		2004

		2005		2005		2005		2005		2005		2005

		2006		2006		2006		2006		2006		2006

		2007		2007		2007		2007		2007		2007

		2008		2008		2008		2008		2008		2008

		2009		2009		2009		2009		2009		2009

		2010		2010		2010		2010		2010		2010

		2011		2011		2011		2011		2011		2011

		2012		2012		2012		2012		2012		2012

		2013		2013		2013		2013		2013		2013

		2014		2014		2014		2014		2014		2014

		2015		2015		2015		2015		2015		2015



GW

Marine and hydro

Wind

Solar

Bioenergy

Geothermal

Share of renewables in capacity additions

5.5182409995

6.639455

0.11619907

2.0259047747

0

0.1575814162

11.578324

6.889361

0.30493349

2.2001611243

0.1922

0.1719328505

18.4823099999

7.84459

0.71569662

3.4873757738

0.1559

0.2097963454

22.4244495005

8.41289

1.08824561

3.4467850429

0

0.2426700581

20.273745

11.39322

1.45280295

1.4478970959

0.3812

0.289657722

20.59478725

14.771565

1.6018323006

4.0817730428

0.2321

0.2503249531

27.595164

20.271498

2.6252798821

3.3166344031

0.2207

0.2864110017

31.890229

26.111996

5.9952958237

4.393244264

0.321

0.3990117957

29.4681753333

30.51545

8.0974184435

6.7393624807

0.4369

0.4442937863

21.3373456667

32.56375

16.8393846249

8.3337801671

0.2214

0.3941910827

26.8795257

39.307015

31.0505056791

6.6200304677

0

0.4799991363

30.76236805

49.6628571429

30.4338706838

6.3905761763

0.4756

0.5071650618

42.463227

31.7485338571

37.7182687201

6.430580654

0.299

0.5796213983

36.33652

46.8309176

37.0316409049

6.2172948365

0.67395

0.5800491749

33.487313

66.3457724

47.6607874472

5.0383400858

1.5967

0.6172695854



		2000		2000		2000		2000		2000

		2001		2001		2001		2001		2001

		2002		2002		2002		2002		2002

		2003		2003		2003		2003		2003

		2004		2004		2004		2004		2004

		2005		2005		2005		2005		2005

		2006		2006		2006		2006		2006

		2007		2007		2007		2007		2007

		2008		2008		2008		2008		2008

		2009		2009		2009		2009		2009

		2010		2010		2010		2010		2010

		2011		2011		2011		2011		2011

		2012		2012		2012		2012		2012

		2013		2013		2013		2013		2013

		2014		2014		2014		2014		2014

		2015		2015		2015		2015		2015



GW

Marine and hydro

Wind

Solar

Bioenergy

Geothermal

675.4544855

17.329588

1.2161068

32.6506990228

8.3287

680.9727264996

23.969043

1.33230587

34.6766037975

8.0097

692.5510504996

30.858404

1.63723936

36.8767649218

8.2019

711.0333604995

38.702994

2.35293598

40.3641406955

8.3578

733.45781

47.115884

3.44118159

43.8109257384

8.3085

753.731555

58.509104

4.89398454

45.2588228343

8.6897

774.32634225

73.280669

6.4958168406

49.3405958771

8.9218

801.92150625

93.552167

9.1210967228

52.6572302802

9.1425

833.81173525

119.664163

15.1163925465

57.0504745442

9.4635

863.2799105833

150.179613

23.21381099

63.7898370249

9.9004

884.61725625

182.743363

40.0531956149

72.123617192

10.1218

911.49678195

222.050378

71.103701294

78.7436476596

10.0104

942.25915

271.7132351429

101.5375719778

85.1342238359

10.486

984.722377

303.461769

139.2558406979

91.56480449

10.785

1021.058897

350.2926866

176.2874816028

97.7820993265

11.45895

1054.54621

416.638459

223.94826905

102.8204394123

13.05565
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End-use sector transformation is lagging behind

By 2050, total energy-related CO2 emissions will need to decrease to below 10 Gt/yr

CO2 emissions from power and buildings sectors will be almost eliminated

Main sources of 
emissions in 2050



Breakdown of global CO2 emissions by sector in 2015
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Around one third of energy-related emissions in the Reference Case in 2050 currently have 
no economically viable options for decarbonisation

Iron and Steel
6%

Cement
7%

Chemical
5% Aluminium

1%
Paper

0%

Others
8%

Space Heating
5%
Water Heating
2%

Cooking
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9%Road Other
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Other 2%

Freight
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POWER
38%
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3%

District heating 
and cooling

Industry

Others

Transport

Buildings

Power

Sectors today with no economically 
viable option for deep 
decarbonisation
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Annual growth rate of RE share in global energy 
mix must dramatically increase

 Reducing energy-related CO2
emissions to below 10 Gt/yr by 2050 
will require an increase of about 
1.2%/yr in renewables’ share 
between 2015-2050

 This represents seven-fold growth 
compared to 0.17%/yr in 2010-2015

 R&D spending on renewable 
energy is around USD 10 billion per 
year. Would a doubling of R&D 
support such a deployment growth 
rate? 

TPES nearly flat in 2015-2050

2/3s of TPES is renewable energy

March 2017



Innovation agenda
Preliminary findings



• Energy and emission scenarios include large uncertainty in technology deployment, but what does 
this mean for R&D planning?

• Will there be a single technology solution for each sector?
 E.g. can hydrogen cars survive alongside EVs? Can DHC survive next to NZEB and heat pumps?

• Why do some sectors achieve rapid innovation while in others progress is slow?
 Power sector is on track, moderate developments in transport, and none in industry

• Where are today’s major innovation gaps and the main areas that require innovation?
 VRE integration in the power sector? What is possible today, where is more action needed?
 Gaps for heavy industry (e.g. high-temp heat, NEU), transport (trucks, aviation, shipping), waste 

management, storage (thermal, seasonal), biomass
 Systems thinking: sector coupling, grids, interaction of EE & RE & access

• What would be the investment needs for R&D, demonstration and learning?
• Which priority areas beyond technology require innovation?

 Business cases, enhanced performance/comfort for consumers, SDGs
• What is the timeline for innovation to realise a decarbonisation of the energy sector?
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Innovation agenda: guiding questions
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Mitigation potential and costs by sector

Total 5732 100%

30

35

22

13

Contribution to the total CO2
reduction (%)

• Largest emission reduction potential exists in power and industry sectors

• Average abatement cost of technologies are highest in the building and industry sectors

• Options in the power sector are economically viable and for the transport sector nearly viable

• While power and transport may require continued improvement of available technologies, building and industry sectors may 

require breakthroughs
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Mitigation potential and costs by sector

Power 

IndustryBuildings

Transport

The power sector has a strong business case for deployment of renewables, accounting for a significant share of 
the emission reduction potential. Industry is the most challenging sector where more attention is required to utilise 
its potential and reduce the costs of technologies. Largest investments for decarbonisation will be needed for 
buildings.

Size of the bubble indicates 
the additional investment 
needs  
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Mitigation potential and costs by technology

Total 100%5732
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Renewable energy will represent half of all the emission reductions required for decarbonisation. Renewable energy technology costs 
vary, with RE grid integration measures and biomass-based heating/transport technologies requiring further development focus on 
cost-reduction as they raise the average cost of renewable energy

Energy efficiency accounts for bulk of the other half, followed by CCS and other low-carbon technologies such as material efficiency 
improvements

Electrification leads to savings, assuming that electric vehicle costs will be on par with internal combustion engines
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Mitigation potential and costs by technology
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CO2 mitigation potential and costs per technology in Industry, Power, 
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Size of the bubble indicates the 
additional investment needs  
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What it means for innovation?

• Urgent R&D needs for RE 
solutions in buildings and 
transport sectors

• Power sector going Ok

• A CO2 price above 60 
USD/tCO2 may unlock most 
of the RE potential

• Transport may require 
regulation | Buildings may 
require breakthroughs

60 USD/tCO2
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Top 10 low-carbon technologies account for two-thirds of emission reductions needed for 
decarbonisation.

Analysis looked at 110 technology solutions in power 
and end-use sectors
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Top 8 technologies represent half of the total emission reductions needed. Wind, solar PV, electric 
mobility for passenger cars, plastics recycling and efficient appliances represent more than 1/3

Materiality of technology solutions
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What it means for innovation?

• Wind, solar PV and EVs are 
the key technologies for the 
decarbonisations: R&D to 
focus on system integration 
and continued cost 
reduction

• EE technologies are 
available but not 
implemented | would 
regulation help?

• RE in industry is significant 
but cost is too high | 
Breakthroughs and R&D 
urgently needed



Contribution to mitigation by technology and sector
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Transport
• Will traditional car-makers be able to 

catch up?
• Significant biofuel trade
• Materials needs (e.g. rare earth for EVs)

Industry
• Industry is the most challenging sector 

Buildings
• Significant acceleration of buildings 

renovation
Power
• Growing equipment industries
• Materials needs (e.g. for batteries, 

inverters)
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End-use sector transition: untapped areas
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www.irena.org

www.twitter.com/irena

www.facebook.com/irena.org
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