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Scope of this document 

SOURCE: Team analysis 

In scope 

▪  Forward pathways by decennium from 2010 to 2050 on energy demand, power demand, 
power supply and emissions for EU-27 

▪  A baseline as well as decarbonized pathways, ranging in share of renewable energy 
versus thermal and nuclear energy 

▪  Plausible description of how an economy-wide GHG reduction of at least 80% could be 
realized 

▪  Detailed assessment of decarbonized power sector, covering the technical design, cost 
of electricity 

▪  Implications of decarbonized pathways on economic metrics (under development) 

▪  End to end implications on capex, import dependency and annual cost by pathway 
(under development) 

▪  Commissioning and decommissioning requirements by technology by decade 

▪  Comprehensive assessment of all possible generation and storage technologies or an 
optimization of the pathways based on future cost projections 

▪  Power market dynamics and regulatory implications or recommendations (will be 
covered in Volume III) 

▪  Implications on power and primary energy markets, pricing mechanisms, national energy 
strategies and secondary effects of decarbonization pathways on primary fuel prices 

▪  Detailed trade-offs in the decarbonization of road transport via electrification, hydrogen, 
biofuels or systemic measures like modal shift and urban planning)  

▪  A detailed review of efficiency improvements available in all energy using sectors 

Out of scope 

This report is the first of three volumes. It covers the technical and economic assessment of decarbonization 
pathways. Volume II covers the broader implications for society and Volume III covers regulatory implications 



3  3  

Highlight of findings 

▪  80% reduction target technically feasible but challenging: Implementation would be a major 
challenge with all emitting sectors required to transform themselves, introducing technology and 
investment risks, along with major political and regulatory challenges. The power sector, as the 
corner stone, needs to decarbonize at least 95% with an increase in 40% in demand 

▪  Different power pathways are developed that are technically feasible: Pathways differ in 
share of nuclear, thermal and renewable energy (RES), up to 80% of RES. Balancing is 
technically feasible in all pathways, but will require significant transmission and back-up plants.  

▪  COE is similar, capex is significantly higher: The cost of electricity is 5-15% higher in the 
decarbonized pathways. Capex is 50% to 110% higher, with opex correspondingly lower.  

▪  Significant growth is required: effective transmission capacity needs to be 3x as large as 
today’s (up 20 to 30x for the France-Spain link); balancing requires 200 to 300 GW of back-up 
capacity (15% to 25% of generation capacity installed); solar output needs to be 3x higher in the 
next 10 years.  

▪  Higher RES share implications: more intermittency to manage and more transmission; lower 
dependence on gas and coal imports; more reliance on technology learning rates but with higher 
cost reduction upside; lower delivery risk due to greater resource/technology diversification 

▪  Macro-economic impact is small: GDP growth changes less than 0.1% early on in the 
decarbonized pathways compared to the baseline, and it increases after 2020 due to higher 
competitiveness.  
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▪  In July 2009, the leaders of the European Union and the G8 
announced an objective to reduce greenhouse gas emissions by 

at least 80 percent below 1990 levels by 2050.  In October 2009 
the European Council set the appropriate abatement objective for 
Europe and other developed economies at 80-95% below 1990 
levels by 2050.  

▪  Political demand for greater EU energy security, realizing the 
climate goals, as well the political momentum created by the new 
European Commission combine to create a window of opportunity 

for infrastructure investments and related policies. 

▪  The European Commission is actively working on its European 

Infrastructure Package and a Communication on 2050 Energy 
Strategy, which need to reflect the long-term GHG reduction targets  

SOURCE: Team analysis 

The EU-27 decided on 80 - 95% emission reduction 
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Key deliverables 

▪  A set of plausible and 

visionary emissions 

pathways with an 80% 
reduction across the  
EU-27 below 1990 levels  
by 2050  

▪  Deep dive on the 

decarbonization of the 

power sector 

▪  Implications on strategic 

options for the EU 

▪  A related set of policy 

options highlighting poten-
tial decisions for the next  
5 years  

Political agenda 

Post-Copenhagen political 

agenda  for the new 

European Commission 

▪  June 2010 

▪  Commission to publish 
an “issues paper” on 
2050 strategy and 
launch stakeholder 
consultation 

▪  November  2010 

▪  Commission to present 
European 
Infrastructure Package 

▪  Early  2011  

▪  Commission to present 
Communication on 
2050 Energy Strategy 

▪  Commission to present 
Energy Action Plan 
2011-2014 

Overarching objective 

Develop a fact based report 

to support the European 
Commission and Member 
State policy-makers 
to chart an energy strategy 
for 2010-2014 consistent 
with the EU’s 2050 climate 
and energy security 
commitments 

The objective is to develop a fact based report that is supported by 

key stakeholders and feeds in directly to EU decision making 
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IPCC data form the basis of the political targets 

The IPCC data are based on the scientific insights to stabilize at a maximum of 
+2°C, in line with the 450 ppm scenario. For Annex I countries this means 
reductions compared to 1990 of -25 to -40% for 2020  and -80 to -95% by 2050 

SOURCE: IPCC AR4 WG3; team analysis 
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Assessment criteria 

Security of energy supply 

and technology risk, e.g., 
self reliance, risk of technology 
failure 

Economic impact, e.g., 
cost of electricity, GDP, 
capital requirements 

Sustainability, e.g., 
greenhouse gas emissions,, 
resource depletion 

System  

reliability 

8 

Not assessed: 

▪  Public acceptance 

▪  National energy 

policies 

The decarbonization pathways should be sustainable, technically 

feasible and have a positive impact on the economy 

SOURCE: Team analysis 
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The project links tightly to related EU activities 

Current work 

at the EU 

Link with EU 

agenda on 

power 

No 

commercial 

ties 

▪  The EU is in the process of drafting strategies to prepare the EU’s 

energy future. DG Energy leads the assessment how the EU can 
transform its energy sector, which is at the cornerstone of any effort to  
reduce its emissions by 80% by 2050 

▪  As the emission target is realized over several sectors, this strategy will 
impact other DGs, e.g., climate, transport, agriculture, industry, 
buildings, research, etc. 

▪  Seen the a) urgency of drafting strategies for the new commission and 
b) the long lead times of infrastructure changes, the focus of this 

project is on the power sector. Large scale changes in 2050 require 
action in the next 5 years 

▪  Yet, there are no financial ties between the partners of this project and 
the EU commission. This study is directly funded by the European 

Climate Foundation (ECF), themselves sponsored by philanthropists 
like the Hewlett foundation, with no financial ties to the EU 

▪  ECF will be the author of the final reports. Consultants to ECF, like 
McKinsey, ECN and KEMA develop content and assist in synthesis 
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•  Initiative supported by EU and linked 
to the EU decision calendar 

•  Support and buy in from major 
industry players, which are the future 
investors 

•  Work executed by broad set of 
specialized consultants 

•  Ambitious goal of 80% emission 
reduction without offsets 

•  Most comprehensive scope: EU-27, 
all sectors, grid solution, bottom up 
cost assessment, macro economic 
impact, policies 

•  Intense engagement process with 
broad public communication tools 

Added value of the project compared 

to other initiatives 

The project has broader buy in and is more comprehensive than 

similar initiatives 

Approach and key findings 

Global overview of energy system, BAU and alternative scenario 
(450ppm). Alternative scenario reached through CCS renewable 
sources, high fossil fuel prices  

WEO 2009 (IEA) 

Reports 

ADAM (EU funded, 
coordinated by Tyndall 
Centre, UK) 

Low stabilization global scenarios (down to 400ppm CO2e). 
Compares 3 sophisticated models. Reductions delivered 
through large scale and low cost CCS and renewable. Solid cost 
analysis. No macro economics 

RECIPE (charity 
funded, coordinated by 
PIK, Berlin) 

Off-shoot of ADAM. Focus on Europe and detailed on power 
sector. Uses offsets. Power sector emission reduction to 57%. 
Limited cost analysis. No macro economics 

Extrapolation of today’s power mix to 2050, not a back-casting 
exercise. No grid modeling 

Eurelectric 

Typically focus on one country only, lower decarbonization, and 
consistent in approach (back-casting, fixing the mix) 

Company internal 

efforts 

Focus on grid. Leveraged as part of the grid workstream; Focus 
on single RES technology - Wind 

Tradewind, EWIS 

Focused on the impact on grid of decentralized generation 
No cost of electricity assessment or macro-economic 

Greenpeace / EREC 

Forecasting grid build-up up to 2020, starting with existing 
capacity and taking into account national current plans 

ENTSO-E 10 year 

plan 

Evaluate the technical, economic, and environmental feasibility 
of a 50/60/70/80 % Renewable Power Grid in 2050 in the US, 
with interim targets in 2030/2040 

NREL / DOE work 
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Highlights of the reports – EU 2050 Roadmap 

Approach Messages 

▪  Objective of the report 

–  Investigate the technical and economic feasibility of 
achieving -80% GHG emissions by 2050  

–  Derive the implications for the European energy 
system over the next 5 to 10 years 

▪  Authors and organizations involved 

–  ECF with McKinsey/KEMA/Imperial College/ECN 
–  Involvement of industry (Utilities, TSOs, OEMs), 

academics and NGOs 

▪  Sector focus 

–  High level GHG emissions across all sectors 

–  Analyses the power sector in depth 
–  Implications for final power demand of electrification 

in buildings and transport 

▪  Overall approach 

–  “Back-casting” (not forecasting): the end-state is 
stipulated rather than derived 

–  3 power mixes analyzed, from 40 to 80% RES 
▪  Grid modeling approach 

–  Extensive. Hourly dispatching model with 
transmission and back-up plants optimization 

▪  Macro-economic modeling approach 

–  Extensive. General equilibrium model (Oxford 
Economics) 

▪  Technical messages 

–  Europe could achieve 80% reduction  

–  This requires a nearly zero-carbon power supply 

–  Electricity demand increases by 40% up to 4900 TWh 
(EU-27 + Norway + Switzerland) 

–  Decarbonization feasible with technologies already 
commercially available or in late stage development  

–  Requires expanding the trans-European transmission 
grid by 100,000 GWkm (60%RES) 

–  Up to 25% back-up plants required  

–  At economy level, demand for coal, oil and gas 
reduced by ~60 to 75% compared to the baseline 

▪  Power sector economic implications 

–  Cost of electricity of decarbonized pathways similar to 
the baseline and the same across power mixes 

–  Large capex requirements (+50 to 110% compared to 
baseline in the power sector) 

▪  Macro-economic impact 

–  By 2050 the cost of energy per unit of GDP output 
could be about 20 to 30% lower in the decarbonized 
pathways than in the baseline  

–  Changes in the energy system would have a small 
impact on overall employment. New jobs in clean tech 
sectors by 2020 could range from 300,000 to 
500,000. Over 250,000 jobs at stake in fossil fuel 
industry 
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Highlights of the reports - Eurelectric 

Approach Messages 

▪  Objective of the report 

–  Investigate the technical and economic feasibility of 
achieving -75% GHG emissions by 2050 with the 
assumption of a carbon-neutral power sector 

–  Derive key policy implications to achieve this  
▪  Authors and organizations involved 

–  Eurelectric 
–  Athens Technical University 

▪  Sector focus 

–  Analyses the power sector in depth 
–  Implications for final power demand of electrification 

in buildings and transport (only touched lightly) 

▪  Overall approach 

–  Use of PRIMES to model the scenarios 
–  2 scenarios; baseline and “power choices”, the first 

implying GHG reduction according to ETS targets the 
second implying 75% GHG reduction EU wide 

–  Splits period up to 2050 in 3 periods: 1) recession 
2008-2014; 2) recovery 2015-2022; and 3) low but 
stable growth 2023-2050 

▪  Grid modeling approach 

–  No grid modeling done 

▪  Macro-economic modeling approach 

–  Not extensive; mainly energy as % of GDP shown 

▪  Technical messages 

–  Carbon-neutral power in Europe by 2050 is 
achievable 

–  The major CO2 reduction in the power sector occurs 
during 2025 to 2040 

–  All power generation options, plus robust electricity 
and carbon markets and policies to foster energy 
efficiency, are all needed simultaneously 

–  A paradigm-shift is needed on the demand side: not 
achieving energy efficiency targets increases the cost 
of energy as % of GDP with 2% 

–  The Power Choices scenario decreases energy 
import dependency by 40% 

▪  Power sector economic implications 

–  Capex requirements 13% higher than in baseline and 
mainly invested between 2025 and 2040 

–  Up to 2025, there is not a significant difference in 
Power sector investments Power Choices vs. 
baseline 

▪  Macro-economic impact 

–  Cost of energy as % of GDP similar for both scenarios 
with power choices lower post 2035  
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Highlights of the reports – Greenpeace & EREC RES 24/7 

Approach Messages 

▪  Objective of the report 

–  Show the implications for the EU grid when moving to 
nearly 100% RES by 2050 

–  Large part of study is literature study of grids 

▪  Authors and organizations involved 

–  Greenpeace 

–  EREC (European Energy Council 
http://www.erec.org/) 

▪  Sector focus 

–  Power sector focus 

▪  Overall approach 

–  Literature case studies on RES integration 

–  RES build up 2050 based on EU wide Greenpeace 
E[R] study, extrapolated to country level using a DLR 
study  

–  No economic modeling on generation capacity 

–  Focus strongly on grid modeling, deep-dive on 
extreme weather events 

▪  Grid modeling approach 

–  Extensive modeling using DIgSILENT PowerFactory 
model; started from today’s grids, with capacity 
increases in case of congestion  

–  Modeling on 15min with focus on extreme events over 
last 30 years + demand 2050 stays flat (!) 

▪  Macro-economic modeling approach 

–  None; no COE modeling performed, just cost of grid 

▪  Technical messages 

–  Energy demand assumed same as today due to 
Energy Efficiency 

–  Europe can achieve a power system with nearly 
100% RES, even taking into account extreme 
weather events 

–  This requires extensive grid increases 
–  Extensive smart grid implementations are needed 

▪  Power sector economic implications 

–  Reinforced interconnection will cost additional €1.5/
MWh over the next 40 years, assuming flat demand 
from now on 

▪  Macro-economic impact 

–  n/a 
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Highlights of the reports – ENTSO-E 

Approach Messages 

▪  Objective of the report 

–  Develop a non-binding 10-year network development 
plan, building on national investment plans 

–  Address Security of Supply, Internal Energy Market 
and RES Integration for the next 10 years from the 
perspective of grid requirements 

▪  Authors and organizations involved 

–  ENTSO-E 

▪  Sector focus 

–  Analyses grid sector in depth 

▪  Overall approach 

–  Forecasting, starting with existing capacity 
–  Taking into account current plans, estimating 

forecasts up to 2020 

▪  Grid modeling approach 

–  Look into grid requirements by region 
–  Defined 2020 needs, TSOs provided input how to 

deliver this by region 

▪  Macro-economic modeling approach 

–  n/a; generation capacity investments not included 

▪  Technical messages 

–  Abolishing internal energy markets and connection of 
new generation, mainly RES are 2 main issues facing 
TSOs 

–  New generation capacity to increase 3.4% p.y ‘10-’15 
and 2.2% ‘15-’20 

–  Installed RES capacity 2020 ~400 GW, 3557 TWh, 
25.5% of total power production 

▪  Power sector economic implications 

–  The EU transmission grid needs to increase its 
capacity with 14% vs existing capacity, representing a 
cost of ~€26bln 

Key issues to be addressed: 
–  Regulatory investment barriers 

–  Permitting and planning to be addressed 
–  Public attitudes and social acceptance a priority 

–  Cooperation and collaboration of key importance 
between TSOs and interconnected regions 

▪  Macro-economic impact 

–  n/a 
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Highlights of the reports – NREL Eastern Wind and Transmission 

study 

Approach Messages 

▪  Objective of the report 

–  Determine the impact of 20% and 30% wind energy in 
the Eastern Interconnection by 2024 

▪  Authors and organizations involved 

–  NREL 
–  Extensive input form relevant stakeholder (TSO, wind 

industry, etc) 

▪  Sector focus 

–  Offshore wind generation in Eastern US 

▪  Overall approach 

–  Detailed wind generation modeling up to 10 min 
interval 

–  3 scenarios for 20% (or 225GW installed) and 1 
scenario for 30% (330GW installed) wind generation 
by 2024 

–  Forecast based on current system, 

▪  Grid modeling approach 

–  Transmission requirements calculated based on 
economical optimum; through comparing “copper 
plate” results with current grid results 

▪  Macro-economic modeling approach 

–  n/a 

▪  Technical messages 

–  High penetrations of wind generation of the electrical 
energy requirements of the Eastern Interconnection—
are technically feasible 

–  New transmission will be required for all the future 
wind scenarios in the Eastern Interconnection,  

–  Without transmission enhancements, substantial 
curtailment (shutting down) of wind generation would 
be required for all the 20% scenarios.  

–  Interconnection-wide costs for integrating large 
amounts of wind generation are manageable with 
large regional operating pools and significant market, 
tariff, and operational changes.  

–  Transmission helps reduce the impacts of the 
variability of the wind 

▪  Power sector economic implications 

–  Cost of integration of all systems (?) $5/MWh 

–  Annualized total cost for 20% RES case ~10% higher 
than reference case 

▪  Macro-economic impact 

–  n/a 
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Highlights of the reports – NREL / DOE 

Approach Messages 

▪  Objective of the report 

–  Evaluate the technical, economic, and environmental 
feasibility of a 50/60/70/80 % Renewable Power Grid in 
2050, with interim targets in 2030/2040. 

–  Identify the technology Research, Development, 
Demonstration, Deployment (RD3), and Policy necessary 
to achieve this scenario. 

▪  Authors and organizations involved 

–  Department of Energy US 
▪  Sector focus 

–  Analyses the power sector in depth 
–  Implications for final power demand of electrification in 

buildings and transport taken into account 

▪  Overall approach 

–  Back casting, with detailed cost optimization of 
generation mix in 2050 (hourly modeling) 

–  Taking into account current plans for grid, estimate grid 
requirement for 2050 

▪  Grid modeling approach 

–  Use Regional Energy Development System Model, 5 
regions, 16 periods representing a year 

▪  Macro-economic modeling approach 

–  Unclear if looked into 

▪  Technical messages 

–  Results to be published 

▪  Power sector economic implications 

–  Results to be published 
▪  Macro-economic impact 

–  n/a 
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Highlights of the reports - Poyry impact of intermittency 

Approach Messages 

▪  Objective of the report 

–  Understand the impact of high penetration of wind 
energy in the UK and Ireland on prices, 
interconnections, reserve requirements up to 2030 

–  Link to outlook for investors in new generating capacity 
▪  Authors and organizations involved 

–  Centrica, DONG, EirGrid, ASBI, Nat Grid, RES 
▪  Sector focus 

–  UK and Ireland power market 

▪  Overall approach 

–  Forecast installed wind capacity in UK & Ireland 

–  Model hourly output and interaction with electricity 
system 

–  Impact on interconnection only looked into for UK & 
Ireland 

▪  Grid modeling approach 

–  Not disclosed 

▪  Macro-economic modeling approach 

–  n/a 

▪  Technical messages 

–  Future markets will be dominated by the variations in 
wind 

▪  Power sector economic implications 

–  Much larger price volatility expected 
–  Large interconnections between UK and Irish market 

will result in spill over of price volatility from UK to 
Ireland 

–  This will results in much higher uncertainty for 
investors especially in the UK market 

▪  Macro-economic impact 

–  .n/a 
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Highlights of the reports – Pentalateral energy forum 

Approach Messages 

▪  Objective of the report 

–  Coordinate the offshore wind and infrastructure 
developments in the North Sea 

–  Forum will build on existing initiatives 

▪  Authors and organizations involved 

–  Ministers, Regulators and TSOs from Benelux, 
France and Germany in the lead 

–  Trying to involve Denmark, UK and Norway 

▪  Sector focus 

–  Offshore wind generation in NorthSea 
▪  Overall approach 

–  n/a 
▪  Grid modeling approach 

–  n/a 
▪  Macro-economic modeling approach 

–  n/a 

▪  Technical messages 

–  To be completed: 

– Blue print of North-sea grid 

– Cooperating with ENTSO-E, ACER, TEN-E 
▪  Power sector economic implications 

–  n/a 
▪  Macro-economic impact 

–  n/a 
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Highlights of the reports – UKERC report 

Approach Messages 

▪  Objective of the report 
–  Investigate evidence on impacts and costs of 

intermittent generation on British electricity network 
–  Investigate how these costs are assigned 

▪  Authors and organizations involved 

–  UK Energy Research Centre with team of experts 
from Imperial College London and the Supergen 
Future Network Technologies Consortium 

–  work was overseen by a panel of experts 

–  Financial support from the Carbon Trust 
▪  Sector focus 

–  Considers medium term future (~20 yrs) and 
incremental development of existing electricity system 
in UK. Penetration of intermittent generation generally 
below 20% 

–  Not very long term future and opportunities for 
fundamental reconfiguration of electricity and other 
energy delivery systems.  

▪  Overall approach 

–  Systematic review of more than 200 reports and 
studies worldwide. Most comprehensive assessment 
of the evidence on intermittency ever undertaken 

–  Seeks to be rigorous, transparent and systematic, 
learning from ‘evidence based policy’: 
▫  Scoping note, expert group, stakeholder workshop. 
▫  Report sent for external peer review.  
▫  All materials published on UKERC website 

▪  Technical message for penetration below 20% 

–  Implications for system balancing 

▫  RES can replace output of fossil fired stations 
without endangering system balance, hence 
directly reduce CO2 emissions 

▫  Output of remaining fossil fuel-plant will need to be 
adjusted more frequently; may decrease efficiency 

▫  Extra ‘system balancing services’ (fast responding 
plant or load) will need to be made available 

–  Implications for system reliability 
▫  Intermittent renewables can contribute to reliability, 

but usually less than fossil fuel stations (less 
predictable at peak). At low penetration the capacity 
credit of wind equals its capacity factor 

▫  Hence more plant on the system than without 
intermittency but no need for dedicated back up 

▫  No significant impact on CO2 emissions (plant to 
provide peak reliability should not be confused with 
average energy output) 

▪  Power sector economic implications 
–  In UK for penetration of 20% intermittent generation  
▫  additional system balancing needs ~ 5-10 % of 

wind capacity. Costs of ~ 2 to 3 £/MWh 
▫  Capacity credit of ~ 20/30 % of installed intermittent 

capacity. Cost of 3 to 5 £/MWh 
–  This total of £5 to £8/MWh is the total additional cost 

the average MWh of intermittent generation for an 
electricity system as in Britain. This means £1 to 1.5/
MWh average produced in the system 
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ECF was supported by a broad set of specialized 

consultants 

▪  Overall sponsor and funder  
▪  Final report will be ECF branded 

KEMA (Technical grid 
consultancy) 

▪  Grid design and investments, production capacity and costs associated with 
providing a plausible, secure electricity system for each of the pathways 

The Centre (Political 
consultancy) 

▪  Manage contact to EU-commission and parliament and ensure alignment 
with their needs. Participate in outreach to member states 

Office of Metropolitan 
Architecture – R. Koolhaas 

▪  Provide creative participation in the development of narrative. Provide 
conceptual framing and visual communication 

ESC (Energy Strategy 
Centre) 

▪  Design the report launch communication strategy 
▪  Manage the launch of the report including holding presentations, meetings 

ECF (Philanthropic European climate 
foundation) 

▪  Overall content leadership, project management, data collection, analysis 
▪  Reach out to industries, workshop facilitation 

McKinsey & Company 
(Strategic consultancy) 

Imperial College London 
▪  In-depth modeling of system balancing requirements, reliability, optimization 

of transmission and back-up investment 

Oxford Economics (Macro-
economic consultancy) 

▪  Provide analysis of macro-economic impacts of decarbonization scenarios 

ECN (Energy research 
center) 

▪  Support on assumptions for technologies (lead on nuclear) 
▪  Policy development and recommendations based on analytics 

RAP (Regulatory 
Assistance Project) 

▪  Provide technical and policy input from their global experience 

E3G 
▪  Lead author of the Volume II policy report 
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Key stakeholders are involved by providing input and 

reviewing results 

SOURCE: Team analysis 

Transmission 

System 

Operators 

NGOs 

Utilities  

Manufacturers 

Plus 40 more companies, 

NGOs and research 

institutes 

Core Working Group participants  Further outreach 
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Additional sector leaders were involved in the technology 

workshops or contacted bilateraly 

Solar PV  Wind 

Solar CSP  Nuclear 

▪  EPIA    

▪  Q-Cells     

▪  Sun-tech    

▪  REC    

▪  First solar   

▪  Oerlikon solar  

▪  Centrosolar    

▪  Phoenix AG 

▪  Solland  

▪  Nurenergie 

▪  Statkraft 

Core group members 
involved in workshop 

▪  EDP 

▪  Enel   

▪  EWEA 

▪  Eneco/econcern 

▪  Nuon 

▪  Shell 

Core group members 
involved in workshop 

▪  EDP 
▪  Iberdrola TenneT 
▪  Vattenfall 
▪  Vestas 

▪  Estela solar 

▪  Desertec 

▪  Abengoa    

▪  Flabeg     

▪  Schott 

▪  NTR plc – Tessera 
solar 

▪  Manferrostaal 

▪  Solar Millennium 

▪  Standard Chartered 
Bank 

Core group members 
involved in workshop 

▪  Iberdrola 

▪  RWE 

▪  Siemens 

▪  Terna 

The assumptions 

have been 

discussed in the 
deep dive 

workshops and 

reviewed by the rest 

of the Core Working 

Group members 
and other reviewers 

The same 

confidentiality rules 

apply as for the 
core group 

Core group members 
involved in workshop 
▪  CEZ 
▪  Enel 
▪  EON  
▪  Vattenfall 
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Academic Advisory Panel 

23 

•  Goran Strbac (Imperial College London, leading the grid 
modeling) 

•  David MacKay (University of Cambridge) 
•  Ignacio J. Perez Arriaga (Universidad Pontificia Comillas, Madrid) 
•  Jean-Michel Glachant (University of Florence) 
•  Felix Matthes (Öko Institute, Berlin) 
•  Laura Cozzi (IEA) 
•  Clas-Otto Wene (Chalmers University, emeritus) 
•  Ronnie Belmans (KU Leuven) 
•  Frans Nieuwenhout (ECN) 
•  Rudi Hakvoort (TU Delft) 
•  Lewis Dale (National Grid) 
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Process  

Alignment 
with EU 

Draft 
report 

Second core 
working 
group 

meeting 

Final 
reports 

First core 
working 
group 

meeting 

EU Spring 
and Summer 

Councils 

August September October November December January February 

Detailing 

approach,  

vision and 
baseline 

Refining 

pathways and 

grid model 

Performing 

analysis and 

validating with 
stakeholders 

Synthesizing 

findings and 

engaging 
stakeholders 

Place findings 

into EU debate 

Technology 
deep dive 
workshops 

Third core 
working 
group 

meeting 

March 

2009 2010 

April 
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Scope of the project and focus of the analysis 

▪  Implications of the -80% reduction target across all GHG emitting sectors are estimated at a 
high-level: baseline emissions are projected and required reduction are derived at EU-27 
level to reach the 80% reduction target by 2050 

▪  The Power sector is the focus of the study, with a technical deep dive including the analysis 
of different pathways up to 2050 based on 

–  Their cost of generation  
–  The implications on the grid with various mixes of zero or very low carbon resources 

▪  Energy and power demand sectors are assessed particularly in their link to the power 
sector 

–  Transport: high level analysis on the abatement requirements, with particular 
emphasis on energy efficiency and the mix of vehicle types over time, as well as the 
potential of EVs as a balancing option 

–  Buildings and Industry: high level analysis on the abatement requirements, with 
particular emphasis on energy efficiency and CCS, as well as an estimate of the 
increase of electricity demand from electrification and its implications on the shape of 
the load curve 

▪  Time horizon: 2050 abatement requirements are taken as a starting point. The period 
2010-2050 is derived using a “back-casting” approach. The objective of the study is to 
clarify near term requirements to achieve the 2050 ambitions 
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Decarbonization of the power sector is assessed quantitatively using 

current technologies and qualitatively assuming discontinuities 

Extrapolation 

using today’s 

technologies 

Discontinuity / 

breakthrough 

▪  Assessment whether an 80% 
reduction is possible with today’s 
technologies and at what cost 

▪  Comparison of decarbonization 
pathways on economic, reliability  
and security of supply metrics 

▪  Indication of required construction 
and investments by decade 

▪  Assessment of short team 
measures that fit with the long-
term vision 

What it allows 

▪  Understanding how alternative 
futures could look like 

▪  Testing of measures for 
robustness against dramatically 
different situations 

▪  Extrapolation of energy and power 
demand from 2010 to 2050  

▪  Back-casting from 80% reductions in 
2050 to today 

▪  Applying a mix of technologies that are 
in late stage development or further 

▪  Extrapolating power generation cost 
based on learning rates and growth 

rates that are tested with industry 

▪  Designing a grid and related services 
that provide reliability to the current 
standard 

What it covers 

▪  Testing potential discontinuities in 
demand and security of supply 

▪  Possible breakthrough supply 
technologies (performance, costs and 
potential) 
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Back casting first solves 2050 and works back to today 

Comparison 
Pathways: produc-

tion mixes 2050 
Build up by decade Power demand 2050 

▪ Power demand by 
sector after efficiency 
measures 

▪ Impact of transport, 
building and industry 
electrification 

▪ Feasible (not 
optimized) power 
production mixes 
that produce close 
to zero emissions 

▪ Grid designs that 
deliver today’s 
reliability 

▪ Build up of power 
demand, generation 
and grid 
construction and 
capex 

▪ All plants retired at 
end of assumed 
lifetime (e.g., coal 
plants retired after 
40 years)1. There is 
no need for early 
retirement of 
existing assets 

▪ Comparison by 
pathway on cost of 
electricity, reliability, 
capex, macro-
economic 
implications, energy 
security 

▪ Sensitivities on fuel 
cost, capital cost, 
learning rates, etc. 

1 See chapter 3B for assumed lifetime of plants 
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Principles to designing the decarbonization pathways 

SOURCE: Team analysis 

▪  Given that 2050 is far away, the generation mixes are not projected or forecasted but 
defined as an input, reflecting a wide range of technically and economically plausible 
outcomes. Industry forecasts may be more aggressive than the growth rates in the back 
casting 

▪  The approach is technology agnostic, using a portfolio of existing technologies instead of 
placing bets on a few technologies 

▪  The goal is not to discriminate between specific technologies, but to focus on the high 
level outcomes for each of the pathways 

▪  The build up and ramp down of technologies are based on expected lifetime of actual 
plants and planned constructions (all plants are assumed to be retired at the end of their 
economic lifetime, no earlier and no later – see detailed technology slides for these) 

▪  Cost outputs for specific technologies as well as for pathways should be seen in the light 
of high uncertainties in cost development over 40 years 

▪  Sensitivities are applied to understand the dependency of the outcomes on input 
assumptions 
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External assumptions are based on IEA WEO 2009 ‘450 scenario’:  

global carbon market from 2020 and adoption of RES 

SOURCE: Oxford Economics; IEA WEO 2009; team analysis 

1 Prices are in real terms 
2 OECD+ (including all OECD countries plus non-OECD EU countries) assumed to have a CO2 price by 2013, other major economies from 2021 onwards 

Trade 

Carbon 

prices1 

Technology 

development 

Fossil fuel 

prices1 

▪  ROW sources equipment for renewables from the same countries as the EU 
until 2020. This implies that about 50% is imported from the EU. After 2020, 
the ROW increasingly sources domestically, down to only 10% sourced from 
EU by 2050 

▪  Baseline: EU – $43 (2020), $54 (2030), $54 (2050) 
       ROW – No carbon price 

▪  Pathways: a global carbon market from 2020  
–  EU and OECD+2 – $50 (2020), $110 (2030), $110 (2050);  
–  Other Major Economies (which includes China, Russia, Brazil, South 

Africa and the Middle East) – $65 (2030 and 2050). 

▪  ROW power sector decarbonizes less than Europe and builds 30% 
renewables by 2030 

▪  Global adoption of renewable technologies: Global decarbonization is 
assumed to drive down the costs of new technologies together with 
European investments 

▪  Oil ($/bbl):  2015=$87,      2030=$115,    2050=$115 
▪  Gas ($/mmBTU):  2015=$10.5,   2030=$14.8,   2050=$14.8 
▪  Coal ($/t):  2015=$99,      2030=$109,    2050=$109 
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The implications of the decarbonization pathways are compared  

to a baseline   

▪  We define the baseline as a reference to compare to the emission 

reduction pathways 

▪  The baseline pathway is an extrapolation of today’s world. It assumes 
that currently implemented policy in climate change are carried through, 
but no additional policies are implemented1.  

▪  The comparison with decarbonization pathways will be carried out 
across a number of factors: macro-economic measures (GDP, sector 
growth, employment, inflation), overall investment required, cost of 
electricity 

▪  Sensitivity analysis are carried out for fuel prices in the baseline and  
decarbonization pathways 

Baseline pathway description 

NOTE:  In the decarbonization pathways all the changes in the economy will be exclusively the consequence of the changes assumed in the energy 
sector; all rest being the same as in the baseline 
1 Only EU domestic commitments EU202020 targets) are met in the baseline through domestic action and international offsets 

SOURCE: Team analysis 
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The baseline includes existing policies 

Included  Not included  

20-20-20 

policy 

package  

▪  GHG 20% below 1990 levels by 2020 
▪  20% renewable energy share by 2020 
▪  21% reduction on 2005 in ETS emissions 
▪  10% share for alternative transport fuels 

▪  Limit on offsetting 
▪  Restriction on banking and no 

banking for period after 2030 

Efficiency  ▪  Efficiency based on historical trends  
▪  20-20-20 target partially achieved through 

efficiency measures 

▪  Other NPV positive measures 

Transport ▪  Average CO2 emissions of new vehicles 
from 160 to 120 g/km between 2012 and 
2016 

▪  EVs, hydrogen bio fuels over 10% 

EU-ETS  ▪  Carbon  prices for industry, power and  
aviation (by 2012) 

▪  Extension to other sectors  
▪  Price floors or ceiling  

CCS  ▪  Hokkaido-Toyako Summit commitments to 
CCS pilots 

▪  EU stimulus package on CCS 
(~EUR 1 bn) 

▪  Large commercial rollout of CCS  

SOURCE: IEA WEO 2009; team analysis 



34  

Contents 

Energy supply  

Emissions 

Energy and power demand 

Objectives of the European “2050 Roadmap” project 

Methodology and approach 

Energy, power and emissions baseline for EU-27 up to 2050 

Abatement requirements by sector to reach the -80% target 

Power baseline and decarbonization pathways 

Comprehensive comparison of all pathways 

Implications for the next 10 years 

1 

2 

3 

4 

5 

6 

7 

A 

B 

C 



35  SOURCE: Team analysis 

1 International Energy Agency, World Energy Outlook 2009 

Approach to the energy and power demand baseline 

▪  Taken from IEA WEO 20091, which is 

based on implemented policies and 
currently available technologies with 
improvements similar to historical levels. It 
provides: 

–  GDP growth 
–  Energy demand 
–  Power demand 

▪  Break downs are built from other sources:  
–  Economic growth by sector and regions 

is based on Oxford Economics 

–  Energy and power demand (and 
intensity) by region is based on 

PRIMES, widely used by the EU 
commission 

2010-2030 approach  

▪  Energy and power demand is 

extrapolated from the 2010-30 trends 

▪  Energy intensity is assumed to decrease 
–  GDP projections up to 2050 are from 

Oxford Economics 

–  Energy and power intensity overall 
trends are assumed to be the same 
as 2010-30. Intensity data by sector 
and region are based on Primes 

2030-2050 approach 



36  

EU-27 GDP is assumed to double by 2050 

8,000 

4,000 

24,000 

20,000 

16,000 

12,000 

0 

1.8% p.a. 

GDP, Real EUR billion per year 

EU-27 Specific countries 

France 

Germany 

UK 

SOURCE: IEA WEO 2009; Oxford Economics 
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Long term growth rates are determined by underlying productivity 

potentials of the different EU economics 

2030-
50 

2010-
30 

2005-
10 

2030-
50 

2010-
30 

2005-
10 

2030-
50 

2010-
30 

2005-
10 

2030-
50 

2010-
30 

2005-
10 

EU-27 Germany UK France 

SOURCE: Oxford Economics 

GDP growth, Percent 
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Both services and industry are assumed to grow at ~2% per year  

in the EU-27 

EU-27, 2000 real EUR billion per year  

SOURCE: Oxford Economics 

Other  496 

Agriculture  203 

Industry  2,186 

Services  7,459 

907 

173 

4,532 

16,166 

2010 2050 

2.0 % 

1.9%  

1.6%  

-0.4%  

CAGR Key drivers  

▪  Business and financial services 
grow more quickly than the rest 
of the world 

▪  Light industry and engineering 
show growth, whereas heavy 
industry shows decline  

▪  Loss of comparative advantage 
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Within services, business services and finance are assumed to 

grow faster than average  

Wholesale trade 

Finance 

Retail trade 

Hotels and restaurants 

Business services 

2050 2030 2010 2000 

SOURCE: Oxford Economics 

Index of value added 

2020 2040 
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Basic metals 

Electrical engineering 

Metal products 

Food, beverages & 
tobacco 

Chemicals 

Mechanical engineering 

Construction 

2050 2040 2030 2000 

Within industry, less energy intensive sub sectors are assumed  

to grow faster than average 

Index of value added 

SOURCE: Oxford Economics 

2010 2020 
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France 

Germany 

UK 

EU-27 population is assumed to decrease by 3% by 2050 

-3% 

Population, Millions 

SOURCE: United Nations Population Division (2007 update); consistent with Oxford Economics 

EU-27 Specific countries 
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Europe could be the 3rd largest economy by 2050 

Japan 5,359 

China 3,251 

EU-27 10,344 

US 10,771 

8,555 

92,026 

21,778 

32,222 

8.9% 

SOURCE: Oxford Economics 

2.8% 

1.9% 

1.2% 

GDP 2010 

in EUR billions  
GDP 2050 

in EUR billions 
CAGR  

2010-50 

83,434 

64,281 

44,015 

80,109 

Japan 42,000 

China 2,400 

EU-27 20,791 

US 33,908 

8.6% 

2.2% 

1.9% 

1.2% 

GDP per capita 2050 

in EUR 
GDP per capita 2010 

in EUR 
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Final energy consumption 

After being hit by the crisis, both energy and power demand grow 

in the baseline 

Mtoe per year 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

Power demand 

1,350 

3,250 

1,010 

1,150 

150 

1,480 

2005 

100 

940 

1,440 

1,820 

2030 

90 

4,100 

3,450 

Residential 

Transport 

Services 

Industry 

2050 

1,190 

130 

1,250 

1,530 

2010 

4,800 +39% 

TWh per year 

EU-27 plus Norway plus Switzerland energy and power demand 

1,269 

378 

172 

1,238 

Transport 

Services 

Industry 

2050 

1,388 

Other 

Residential 

427 
474 

199 
183 

2010 

1,111 

2030 

361 

165 

2005 

+12% 
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66 

Services overall  

33 

Transport  33 

34 

65 

Basic metals  

20 

12 

Residential  

Finance  

Wholesale trade  

1,080 

Business Services  

118 

Retail trade  37 

Industry overall  

55 

10 

Construction  

Electronic engineering  

Mechanical engineering  

Energy and power intensity reduce by 1% to 1.5% per year 

Mtoe per € of sector value added1 

SOURCE: IEA WEO 2009; team analysis 

33 

11 

21 

23 

18 

37 

70 

585 

21 

50 

Industry 

Service 

Residential 
& Transport 

2010 2050 CAGR2 Sub-sectors 

1 Value added is GDP for the whole economy; value added in industry; value added in services; GDP for transport; and households income for residential 
2 Compounded Annual Growth Rate 

10 

10 

15 

274 

28 

37 

20 

39 

2010 

24 

28 

13 

11 

189 

20 

2050 

-1.0 

-0.8 

-1.1 

-1.1 

-0.9 

-0.9 

-1.1 

-1.1 

-1.0 

-0.8 

-1.5 

-1.3 

-1.4 

-0.6 

-1.3 

-1.2 

-1.2 

-1.2 

-1.6 

-1.5 

-1.3 

-1.2 

CAGR2 

Energy intensity Power intensity 
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Energy demand is generated from sector output and energy 

intensity  

SOURCE: Team analysis 

Assumptions 

2010-2030 

2030-2050 

Energy demand 

by region and 

sector 

Sector output 

Pop * (output / Pop) 
Energy Intensity 

(Energy / output) × = 

IEA WEO 2009 for 
total EU-27 output 
split by Oxford 
Economics 

Calculated ratio 

Region and sector 
output by Oxford 
Economics 

Trends are 
assumed to be the 
same 

Calculated by 
multiplication 

IEA WEO 2009 for 
total EU-27 energy 
demand, region 
and sector split by 
Oxford Economics 
and PRIMES 
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Energy intensity trends in the baseline show improvements 

diminishing over time  

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

SOURCE: Oxford Economics; Primes 

Whole Economy Industry Transport Residential Services 

NOTE: The numbers refer to improvements in energy intensities and hence imply a reduction in energy per unit of measured output (GDP for the whole 
economy; value added in industry; value added in services; GDP for transport; and households income for residential) 

Energy intensity improvements year on year, Percentage change p.a. 
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Assumptions on energy intensity evolution across sub-sectors 

Energy intensity in Mtoe per EUR of sector value added1  

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

20 

Residential  33 

Transport  33 

Wholesale trade  34 

Retail trade  37 

Construction  55 

Mechanical engineering    65 

Electronic engineering  66 

Industry overall  118 

Basic metals  1,080 

Business Services  10 

Finance  12 

Services overall  11 

18 

21 

21 

23 

33 

50 

37 

70 

585 

-1.3 

-0.6 

-1.4 

-1.3 

-1.5 

-1.2 

-1.3 

-1.5 

-1.6 

-1.2 

-1.2 

-1.2 

2010 2050 

Industry 

Service 

Residential 
& Transport 

CAGR (%) Sub-sectors 

1 Value added is GDP for the whole economy; value added in industry; value added in services; GDP for transport; and households income for residential 
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Energy demand growth is generated from sector output growth and 

trends in energy intensity 

2.0 

2.1 

2.1 

0.2 

2.0 

0.7 

-1.3 

-1.4 

-1.4 

-1.3 

-1.2 

-1.7 

0.7 

0.7 

0.7 

-1.1 

0.9 

-1.0 

2010-2030 

+ = 
1.8 

1.7 

1.9 

-1.1 

1.8 

0.5 

-1.3 

-1.2 

-1.2 

-0.9 

-1.2 

-1.5 

0.5 

0.5 

0.7 

-2.0 

0.6 

-1.0 

2030-2050 

+ = 

1 The output metric is: GDP for the whole economy; value added in industry; value added in services; GDP for transport; and households income  
for residential 

2 Energy intensity trends are derived from the reported trend from 2025 to 2030 by Oxford Economics 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

Annual average growth rates 

Energy 

demand 

growth 

Output 

growth1 

Energy 

intensity 

Output 

growth1 

Energy 

intensity2 

Whole economy 

Industry 

Services 

Agriculture 

Transport 

Residential 

Energy 

demand 

growth 
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Total energy demand is assumed to increase by 10% from  

2005 to 2050 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

EU-27 plus Norway plus Switzerland total Energy demand, Mtoe 

1,269 

427 

199 

1,238 

Other 

Residential 

Transport 

2050 

1,388 

183 

2010 

Services 

Industry 
1,111 

2030 

361 

165 

2005 

474 
378 

172 

+12% 
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Power demand is generated from sector output and power intensity  

SOURCE: Team analysis 

Assumptions 

2010-2030 

2030-2050 

Power demand 

by region and 

sector 

Sector output 

Pop * (output / Pop) 
Power Intensity 

(Power / output) × = 

IEA WEO 2009 for 
total EU-27 output 
split by Oxford 
Economics 

Calculated ratio 

Region and sector 
output by Oxford 
Economics 

Trends are 
assumed to be the 
same 

Calculated by 
multiplication 

IEA WEO 2009 for 
total EU-27 power 
demand, region 
and sector split by 
Oxford Economics 
and PRIMES 



51  

Improvements in power intensity across the economy are similar to 

trends observed over the last 10 years 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

2000-
10 

2030-
50 

2010-
30 

SOURCE: Oxford Economics 

Whole Economy Industry Services Residential 

NOTE: The numbers refer to improvements in power intensities and hence imply a reduction in power per unit of measured output 

Power intensity improvements year on year, Percentage change p.a. 
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Power intensity developments across sectors 

Power intensity in Mtoe per EUR  

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

Business Services  

Finance  

Residential  10 

Services overall  10 

Wholesale trade  15 

Construction  20 

Retail trade  28 

Electronic engineering      37 

Industry overall  39 

Chemicals  81 

Basic metals  274 

11 

13 

20 

24 

28 

53 

189 

-0.8 

-1.0 

-1.1 

-1.1 

-0.9 

-1.1 

-0.9 

-1.1 

-0.8 

-1.1 

-1.0 

Ø -1.0 

2010 2050 CAGR (%) Sub-sectors 

Industry 

Service 

Residential 
& Transport 
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Power demand growth is generated from sector output growth and 

trends in power intensity 

2.0 

2.1 

2.1 

2.0 

0.7 

2010-2030 

+ = 

2030-2050 

+ = 

1 The output metric is: for the whole economy: GDP, for industry: value added in industry; for services: value-added in services; for transport: GDP; for 
residential: households income 

2 Energy intensity trends are derived from the reported trend from 2025 to 2030 by Oxford Economics 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

Electricity demand, Annual average growth rates 

Power 

demand 

growth 

Output 

growth1 

Power 

intensity 

Output 

growth1 

Power  

intensity2 

Whole economy 

Industry 

Services & 

agriculture 

Transport 

Residential 

Power 

demand 

growth 

-0.9 

-0.6 

-1.0 

-0.6 

-1.1 

1.1 

1.5 

1.1 

1.4 

-0.4 

1.8 

1.7 

1.9 

1.8 

0.5 

-1.0 

-0.8 

-1.1 

-1.1 

-1.2 

0.8 

0.9 

0.8 

0.7 

-0.7 
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Total power demand in the EU-27 is projected to increase  

by almost 40% from 2005 to 2050 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

2030 

4,100 

2050 

4,800 

3,450 

Residential 

Transport 

Services 

Industry 

3,250 

100 

1,010 
130 

2005 

90 

1,250 

940 

2010 

150 

1,480 

+39% 

EU-27 plus Norway plus Switzerland, total power demand, TWh 
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Power generation technologies included in 

the pathways 

▪  Large hydro  

▪  Geothermal 

▪  Biomass dedicated 

▪  Solar CSP with storage 

Non-

intermittent 

RES 

Intermittent 

▪  Wind onshore 

▪  Wind offshore 

▪  Solar PV 

▪  Hydro run of river 

Type of generation Generation technologies 

Fossil  

▪  Coal conventional 

▪  Coal CCS 

▪  Coal CCS retrofit 

▪  Gas conventional 

▪  Gas CCS 

▪  Gas CCS retrofit 

▪  Oil  

Nuclear   
▪  Nuclear III  

Regional clustering of EU-27 countries (including Switzerland and Norway) 

Central Europe  

▪  Austria 
▪  Czech Republic 
▪  Slovakia  
▪  Slovenia  
▪  (Switzerland) 

Iberia  

▪  Portugal 
▪  Spain  

Benelux and 

Germany 

▪  Belgium  
▪  Germany  
▪  Luxembourg  
▪  Netherlands  

Poland and Baltic 

▪  Estonia  
▪  Latvia  
▪  Lithuania   
▪  Poland 

South East  

Europe 

▪  Bulgaria  
▪  Cyprus  
▪  Greece  
▪  Hungary  
▪  Romania  

Italy & 

Malta 
France 

UK and 

Ireland 

Nordic 

▪  Denmark  
▪  Finland  
▪  Sweden  
▪  (Norway)  

Power generation technologies that are at least in late stage 

development are included 
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60% RES / 20% nuclear / 20% CCS 

pathway 

RES 

Intermittent 

Fossil  

Nuclear   

Non-

Intermittent 

1 Percent cost reduction with every doubling of accumulated installed capacity   
2 Learning rate of 12% applies to CCS part; Learning of coal/gas plant identical to coal/gas  3 starts in 2020, additional to conventional plants for retrofits   
4 France starts with lower capex of 2750 €/kWe; LR on Gen II and Gen III separated   5 Hardcoded input based on workshop including storage 

Learning 

rate1 

Percent 

3-5 

5 

15 

5 

HC5 

Coal Conventional 

Gas Conventional 

Nuclear4 

Wind Onshore 

Solar PV 

Coal CCS2 

Gas CCS2 

Coal CCS2 retrofit 

Gas CCS2 retrofit 

Oil 

Wind Offshore 

Solar CSP 

Biomass dedicated 

Geothermal 

Hydro 

Yearly 

Reductions 

Percent 

0.5 

0.5 

12 

12 

12 

12 

0.5 

1.0 

1.0 

0.5 

Capex 2010 

€/KW 

1,400-1,600 

700-800 

2,700-2,9003 

2,700-3,300 

1,000-1,300 

3,000-3,600 

2,400-2,700 

4,000-6,000 

2,300-2,600 

2,700-3,300 

1,800-2,200 

750-850 

1,500-1,6003 

1,250-1,4503 

750-9503 

Capex 2030 

€/KW 

1,250-1,450 

650-750 

2,000-2,200 

2,700-3,300 

  900-1,200 

2,000-2,400 

     1,000-1,400 

2,900-3,500 

1,600-1,900 

2,000-2,400 

1,750-2,000 

700-800 

1,000-1,200 

    600-800 

350-550 

Capex 2050 

€/KW 

1,150-1,350 

600-700 

1,750-1,950 

2,600-3,200 

  900-1,200 

1,900-2,300 

     800-1,200 

2,200-2,600 

1,300-1,600 

1,800-2,200 

1,500-1,900 

600-700 

  900-1,100 

     500-700 

      300-500 

Type of generation 
Generation 

technologies 

Learning rates are applied to estimate future capex 

SOURCE: Stakeholder workshops; team analysis 
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1 Taking an average between hard coal and lignite      2 Starting in 2020      3 starts in 2020, additional to conventional plants for retrofits   
4 Lower assumption for France, higher for the rest of the countries     5 Including storage 

Basic assumptions for generation technologies 

Fossil  

Coal Conventional1 18-22 ~1 20-25 

Gas Conventional 13-17 ~1 45-50 

Coal CCS2 60-80 ~3 26-31 

Nuclear4 90-110 ~0 7-9 

Wind Onshore 20-25 ~0 ~0 

Wind Offshore 80-100 ~0 ~0 

Solar PV 20-25 ~0 ~0 

Solar CSP5 180-220 ~0 ~0 

Biomass dedicated 13-15 8-10 45-55 

Geothermal 90-110 ~0 ~0 

Hydro 5-10 ~0 ~0 

Oil 15-20 ~1 100-150 

Gas CCS2 35-45 ~2 55-60 

Coal CCS Retrofit3 60-80 ~3 26-31 

Gas CCS Retrofit3 35-45 ~2 55-60 

Type of generation 
Generation 

technologies 

OPEX fix 

€/KW  
OPEX variable 

€/MWh 
FUEL 2010  

€/MWh 

Nuclear   

RES 

Intermittent 

Non-

Intermittent 

Capex 2010 

€/KW 

1,400-1,600 

700-800 

2,700-2,9003 

2,700-3,300 

1,000-1,300 

3,000-3,600 

2,400-2,700 

4,000-6,000 

2,300-2,600 

2,700-3,300 

1,800-2,200 

750-850 

1,500-1,6003 

1,250-1,4503 

750-9503 

SOURCE: Stakeholder workshops; team analysis 
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Basic assumptions for generation technologies 

7 45 

Wind Onshore2 2 25 

Wind Offshore3 2 25 

Solar PV 1 25 

1 Maximum possible load factor is >90%   2 Load factor increases for new builds from 30% to 35% in 2050   
3 Load factor increases from 37% to 45% for new builds in 2050  4 Including storage   
5 Constrained by available energy & reservoir size limitations 

Coal Conventional 4 40 40 

Gas Conventional 3 30 50 

Hydro 4 50 Fully flexible5 

Coal CSS 5 40 40 

Gas CCS 4 30 50 

Coal CCS Retrofit 5 40 40 

Gas CCS Retrofit 4 30 50 

Oil 3 30 60 

Solar CSP4 3 30 40 

Biomass dedicated 2 30 40 

Geothermal 

90 

30 

37 

10-17 

86 

601 

~35 

85 

601 

85 

601 

21 

47 

80 

91 4 30 40 

40 

Based on 
available 
energy 
profile 

Type of generation 
Generation 

technologies 

Actual load factor input 

before grid modeling 

Percent 
Construction time 

Years 
Lifetime 

Years 

Ramp up and 

down 

% of max output/h 

RES 

Intermittent 

Fossil  

Nuclear   

Non-

Intermittent 

Nuclear4 

SOURCE: Stakeholder workshops; team analysis 
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Assumptions most discussed 

Nuclear capex 

▪  Large uncertainty around nuclear capital costs 
due to limited new builds in Europe in recent 
years 

▪  3000 €/kWe based on latest "cost plus" estimates + 
10% contingency/regulatory risk (except for France at 
2750 €/kWe due to large installed base/experience) 

Key discussion points Proposed solution 

Offshore wind capex 

▪  Recent offshore wind farms capital costs quoted 
from 2500 to 4000 EUR/KW 

▪  Using a range from 3000 to 3600 based on the most 
recent projects, which includes the cost of grid 
connection to the shore 

Availability of 

Biomass 

▪  European and global availability of biomass, 
potentially competing with food and constrained 
by various factors e.g. water 

▪  Based on estimates from McKinsey’s proprietary 
model taking all constraints into account; 2050 
availability ~5000 TWh(th)/yr (incl. 10-20% imports)  

Enhanced 

Geothermal  

▪  EGS was highlighted by some sources as having 
attractive potential 

▪  EGS excluded from the base case as it is still in 
research and testing phase, but will be included in the 
visionary/breakthrough pathway  

Wave and Tidal 

▪  Wave and Tidal were highlighted by some 
sources as having attractive potential with a 
potential decrease in Opex 

▪  Wave and Tidal excluded from the base case as 
potential is limited for tidal in Europe and opex 
requires significant breakthrough for both 

Solar PV learning 

rate 

▪  Solar PV learning rate quoted from 10% to 20% ▪  Learning rate of 15% agreed to with the experts in the 
workshop seen strong historical trends and specific 
high-tech nature of solar PV 

Solar CSP capex 

and learning rate 

▪  Large uncertainty around the most likely winning 
technology in CSP and its capital cost evolution 

▪  Given uncertainty of emerging technologies, 2020 
capex assumed 2,000-3,000 EUR/KWe based on 
parabolic trough. The report will highlight other 
technologies and potential for lower costs 
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Basic assumptions on the different technologies 

G Wind onshore/offshore 

H Solar PV 

E CCS 

J Biomass 

Solar CSP I 

Geothermal K 

Nuclear F 

A Coal 

B Lignite 

D Oil 

Gas C 
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Standardized input sheet for each technology 

SOURCE: Team analysis 

1 E.g., x km2 of the North Sea / the Sahara; all EU-27 countries above a certain solar radiation threshold and assuming siting constraints 

Description of the opportunity Estimated potential of the opportunity 

Current cost and future development Key barriers 

▪  Which technology is assumed to be 
used? 

▪  What are its technical specifications? 

▪  In which geographic locations can the 
technology be used? 1  

▪  What is the potential for electricity 
production? 

▪  What is the current cost (capital and 

operational) of the technology? 

▪  What is the assumed learning rate of the 
technology ? 

▪  What is the additional cost from grid 
requirements? 

▪  What are the key barriers for the 
technology to be deployed? 

–  Technological issues 

–  Energy security issues 

–  Grid reliability issues 

–  Environmental/social/political issues 
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Basic assumptions for hard coal 

SOURCE: Team analysis; BP Statistical Review 2009; WEO 2009 

Description of the opportunity – basic facts 1 

Current cost and future development 3 

▪  Principle: Producing electricity by boiling water to produce 
steam that spins a turbine 
–  Load factor coal plants: ~86% 
–  CO2 emissions: ~ 0.77 t/MWh for new built plants 
–  Efficiency of new plants: ~45% 
–  Construction time: ~ 4 years 

▪  Non-intermittent technology 

▪  Capex: 1400 - 1600 EUR/kW; yearly learning: ~0.5% p.a. 
▪  Opex fixed: 18-22 EUR/kW 
▪  Opex variable: ~1 EUR/MWh 
▪  Fuel: 70 EUR/t (2010) 
▪  A CO2 price would add to the running cost 

Estimated potential of the opportunity 2 

Key barriers 4 

▪  Proven remaining reserves worldwide: ~ 800-900 Gt, with 
a reserves-to-production ratio of ~120 years1 

▪  Abundant siting possibilities (brown-/ green field) 

▪  Technological: none 

▪  Energy security: sufficient resources from regions outside 
Europe available (demand increase could further increase 
prices), but implying reliance on imports 

▪  System issues (grid, storage): none, because of non-
intermittent technology 

▪  Environmental: coal burning produces significant amount of 
CO2 emission  

▪  Political: public and political opposition in various countries 
to building new coal-fired power plants 

1 Reserves-to-production (R/P) ratio: If the proved reserves remaining at the end of any year are divided by the production in that year, the result is the 
length of time that those remaining reserves would last if production were to continue at that rate.  
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Basic assumptions for lignite 

SOURCE: Team analysis; Bundesanstalt für Geowissenschaften und Rohstoffe (BGR); WestLB; IEA 

▪  Principle: Producing electricity by boiling water to produce 
steam that spins a turbine 
–  Load factor lignite plants: ~86% 
–  CO2 emissions: ~ 0.95 t/MWh for new built plants 
–  Efficiency of new plants: ~42%-44% 
–  Construction time: ~ 4 years 

▪  Non-intermittent technology 

▪  Proven remaining reserves: ~ 20 Gt in Europe; lignite 
production ~400-450 Mt in Europe; resulting reserves-to-
production ratio ~40-50 years 

▪  Countries in EU with largest reserves: Germany (6.6 Gt), 
Czech Republic (3.5 Gt), Greece (3.2 Gt), Bulgaria (2.7 Gt) 

▪  Use of lignite in power plants limited to sites in vicinity of 
excavation, due to uneconomical transportation costs 

▪  Share of lignite in power generation expected to decline in all 
EU countries with reserves 

▪  Capex: 1000 - 1400 EUR/kW; yearly learning: ~0.5% p.a. 
▪  Opex fixed: ~40-60 EUR/kW 
▪  Opex variable: ~1-2 EUR/MWh 
▪  Fuel cost: depends on local economics 
▪  A CO2 price would add to the running cost 

▪  Technological: none 
▪  Energy security: reserves in local regions sufficient for next 

30-50 years, imports not cost-efficient when reserves are 
exhausted 

▪  System issues (grid, storage): none, because of non-
intermittent technology 

▪  Environmental: CO2 emissions from lignite burning in 
combination with strip mining cause environmental concerns 

▪  Political: public and political opposition in some countries to 
building new lignite-fired power plants 

Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for CCGT plants (gas) 

SOURCE: Team analysis; BP Statistical Review 2009; WEO 2009 

▪  Principle: Producing electricity by thermal steam, gas turbine, 
or combined cycle gas turbine (CCGT) 
–  Load factor gas-fired power plants: ~60% (>90% possible) 
–  CO2 emissions: ~ 0.36 t/MWh for new built CCGT 
–  Construction time: ~3 years 
–  Efficiency: ~58% 

▪  Non-intermittent technology 

▪  Proven remaining reserves worldwide: ~ 185 trillion cubic 
metres, with a reserves-to-production ratio of ~60 years1 

▪  Abundant siting possibilities (brown-/ green field) 

▪  Capex: 700-800 EUR/kW; yearly learning: ~0.5% p.a. 
▪  Opex fixed: 13-17 EUR/kW 
▪  Opex variable: ~1 EUR/MWh 
▪  Fuel: 8 EUR/mmbtu (2010) 
▪  A CO2 price would add to the running cost 

▪  Technological: none 

▪  Energy security: Declining reserves in Europe increase 
import dependence from e.g. Russia and/or LNG 

▪  System issues (grid, storage): none, because of non-
intermittent technology; gas infrastructure required  

▪  Environmental: CO2 emissions from burning natural gas, 
but less than from coal 

1 Reserves-to-production (R/P) ratio: If the proved reserves remaining at the end of any year are divided by the production in that year, the result is the 
length of time that those remaining reserves would last if production were to continue at that rate.  
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for oil 

SOURCE: Team analysis; BP Statistical Review 2009; WEO 2009 

▪  Principle: Producing electricity by thermal steam, internal 
combustion, or combustion turbine / CCGT 
–  Load factor oil-fired power plants: 21% (90% possible, but 

usually only used as backup plant) 
–  CO2 emissions: ~ 0.74 t/MWh 
–  Construction time: ~3 years 
–  Efficiency: 32% 

▪  Non-intermittent technology 

▪  Proven remaining reserves worldwide: ~ 1250 billion barrels, 
with a reserves-to-production ratio of ~40 years1 

▪  Abundant siting possibilities (brown-/ green field) 

▪  Capex: 750-850 EUR/kW; yearly learning: ~0.5% p.a. 
▪  Opex fixed: 15-20 EUR/kW 
▪  Opex variable: ~1 EUR/MWh 
▪  Fuel: 87 USD/bbl (~67 EUR/bbl) (2010) 
▪  A CO2 price would add to the running cost 

▪  Technological: none 

▪  Energy security: oil imports will remain necessary from a few 
key regions outside Europe 

▪  System issues (grid, storage): none, because of non-
intermittent technology 

▪  Environmental: oil burning produces CO2 emissions 

1 Reserves-to-production (R/P) ratio: If the proved reserves remaining at the end of any year are divided by the production in that year, the result is the 
length of time that those remaining reserves would last if production were to continue at that rate.  
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for CCS 

SOURCE: McKinsey CCS: Assessing the Economics; team analysis 

▪  Principle: Producing almost CO2-free electricity from coal and 
gas by capturing CO2 (oxy-fuel combustion, post-combustion, 
pre combustion), transporting it via pipelines to geological 
storage formations 
–  Load factor coal plants 85%, gas plants ~60% (>90% 

possible) 
–  Remaining CO2 emissions 

▫  Gas: ~ 55 kg/MWh (capture 90% of CCGT plant)  
▫  Coal: ~ 80 kg/MWh (capture 90% of coal plant) 

–  Construction time ~5 years 
▪  Non-intermittent technology 

▪  Large amount of sites possible (brown-field, green-field), 
best close to harbor and storage formations 

▪  Sufficient storage theoretically available if saline aquifers 
included (Geocapacity); Individual formations need to be 
extensively characterized to assess real potential 

▪  Capex in EUR/kWe 
–  CCS coal plants: 2020: 2700-2900; CCS part 1250-1450 

with 12% learning rate 
–  CCS gas plants: 2020: 1500-1600; CCS part 750-950 

with 12% learning rate 
▪  Fixed O+M coal: 2.5% of capex; gas 2% of capex 
▪  Variable O+M coal: 2.5 EUR/MWh; gas 2 EUR/MWh 
▪  Learning rate: ~12% on the CCS part 
▪  Transport and storage system: ~10-15 EUR/tCO2 storage: 

(+10% contingencies) 

▪  Technological – CO2 capture and sufficient availability of long 
term storage (especially suitability of saline aquifiers to be 
proven), potential competition with industry CCS 

▪  Energy security – Import coal and gas from outside Europe 
▪  System issues (grid, storage) – Electricity grid integration: 

none; storage and transportation infrastructure to be built 
▪  Environmental – Production of CO2 and long term storage of 

CO2 (possible leaks);  
▪  Political: Public acceptance of CO2 transport and long term 

storage (safety) 
▪  Legal framework (legality and liability of long term storage), 

transborder transport ("waste"), storage monitoring 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions on Nuclear technology discussed  

and updated in a separate deep dive workshop 

▪  Uranium fuelled power plants with water as moderator 
(PWR, BWR, HWR)  
–  Load factor ~ 90 % (baseload case) 
–  No CO2 emissions during electricity production (fuel 

mining and processing with some emissions) 
–  Construction time 7 years 

▪  Non-intermittent technology 

▪  Abundant siting possibilities (brown-/ green field)  
▪  Electricity production only limited by potential rollout  

of new builds and licensing, no long term constraints; 
Technically possible to repeat 1970s buildup rate to construct 
approximately 1100 GW of nuclear plants by 2050 

▪  EU can capture more than 25 % of this due to EU’s share  
of global GDP and experience 

▪  Fuel usage: Uranium (lasts > 400 years); reprocessing of 
spent fuel possible 

▪  CAPEX in EUR/kWe  
–  All but France: 3300 with 5% learning rate 
–  France: 2750 with 3% learning rate;  

▪  Installed base for the learning rate: 25% of the plant to be built 
is based on new technology and 75% on old technology. 
Installed base for new technology part: 1.6 GW in France and 
1.6 GW in other countries; Installed base for old technology 
part: 60 GW in in France and 70 GW in other countries 

▪  OPEX (incl. fuel, waste, decommissioning and liabilities): 
19-23 EUR/MWh 

▪  Flexibility: Nuclear power plants can ramp down to 60% but 
only for day / night balancing (frequency and ramp down rate 
under clarification) 

▪  Technological – long term storage of high level nuclear waste 

▪  System issues (grid, storage) – none; possible issues  
in high RES case due to limited flexibility 

▪  Environmental – Production of radioactive waste; Release of 
radioactivity in case of an accident 

▪  Energy security – Import Uranium from outside Europe 

▪  Public acceptance – Proliferation concerns, siting of new 
plants, siting of waste storage facilities 

▪  Legal framework (legality and liability of long term storage), 
transborder transport ("waste"), storage monitoring 

SOURCE: Expert workshop; team analysis 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for Wind discussed and  

updated in a separate deep dive workshop 

▪  Principle: Kinetic energy in wind is converted to mechanical 
energy via airfoils attached to a rotor, which in turn drives a 
generator 

▪  Generated ~1% of the world’s electricity in 2008, but covers a 
large share in certain countries, e.g., ~20% in Denmark in 2008 

▪  Until 2008, 65 GW of installed capacity in EU-27, producing 142 
TWh electricity per year (~4% of EU demand) 

▪  Raw wind resource is huge, studies on the constrained potential 
differ significantly depending on the definition  
and methodology used 

▪  Considering geographical constraints, habitats, shipping lanes,… 
realistic estimates show the following potential for wind energy is: 
–  Onshore potential: ~1,500 GW  (~4,400 TWh/yr)  

for Europe 
–  Offshore potential: ~600 GW (~2,400 TWh/yr) for EU-27+ 

Norway and Switzerland 

▪  Technical barriers  
–  Many offshore installations have been challenged  

by the harsh offshore conditions  
▪  Economical barriers 

–  Offshore wind development hindered by cost disadvantage (more 
than twice as expensive CAPEX & OPEX than onshore)  

–  Grid infrastructure upgrade and expansion required  
to connect wind power 

–  At current wholesale market/prices, support mechanisms are 
required 

▪  Public acceptance issues associated with visual impact and noise 
(particularly for onshore and near off-shore sites), bird and other 
wildlife habitat concerns 

▪  Onshore wind 
–  CAPEX: 1000-1300 EUR/KW (2010), 5% learning rate 
–  OPEX: 2% of capex (23 €/kW/yr in 2010), 5% learning rate  
–  Load factor: from 25%-30% (2010 new-builds)1 to 40% (2050) 
–  Life time: 25 years 

▪  Offshore wind  

–  CAPEX: 3000-3600 EUR/KW (2010) with learning rate of 5% (but 
on a much lower installed base than onshore wind and thus more 
doubling of capacity) including a grid connection to the shore 

–  OPEX: 90 (2010) to 25 €/kW/yr (2050) 
–  Load factor: increase from 37% today to 45% in 2050 
–  Life time: 25 years 

▪  Wind intermittency cost based on the grid modeling from KEMA/
Imperial college 

SOURCE: Expert workshop; team analysis 

1 Current average load factor at ~20%, new builds with higher load factors due to significant improvements in turbine design over the next decades 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for Solar PV discussed  

and updated in a separate deep dive workshop 

▪  Principle: Uses light-absorbing media coupled with semi-
conducting material to convert sunlight into electricity; makes 
use of both direct and indirect sunlight; can be combined with 
devices to expand the collection of sunlight and concentrate it 
for greater effectiveness 

▪  No clear technological winner or loser yet among  
sub-technologies in solar PV 

▪  EU is the leading PV market with 9.5 GWp installed capacity 
(~65% of world’s total capacity) 

▪  Solar PV potential is ~1,000 TWh for EU-27 + Switzerland 
and Norway, if all architecturally suitable building area 
(including roof and facade) is used 

▪  Additionally, there is huge potential for central solar PV  
▪  Solar in the North African desert could also be built on solar 

PV 
▪  Penetration of 10-15% (utility perspective) and up to 30% 

(OEM) is possible 

▪  Economical barriers 
–  Constrained by Silicon supply but only in short term 

(Chinese players ramp up and drive down cost) 
–  Intermittent electricity supply requires adequate grid and/

or backup capacity 
–  At current wholesale market/prices, support mechanisms 

are required 
▪  Technological 

–  Grid interconnectivity and integration as well as roll out 
of smart grid technology 

▪  Regulatory 

–  Net metering for distributed generation to be 
implemented 

▪  Central PV 

–  CAPEX: 2100-2500 EUR/kWp (2010) with learning rate of 
15% (due to different effects such as improved design, 
mass production, further efficiency improvements) 

–  Capex of 1600 EUR/kW in 2020 and ~1000 EUR/kWp  
in 2050 can be reached possibly depending on capacity 
rollout 

–  Fixed OPEX : 1% of capex (decreases along  
with Capex) 

▪  Load factor: ~12% (central = 10%; south = 17%) 
▪  Lifetime: 25 years 
▪  Intermittency cost: output from grid model 

▪  Rooftop PV ~25% more expensive compared to central PV 

SOURCE: Expert workshop; team analysis 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for Concentrated Solar Power (CSP)  

discussed and updated in a separate deep dive workshop 

▪  Principle: use mirrors/lenses to concentrate sunlight and 
generate heat, which powers turbine 

▪  Technologies: parabolic trough is the most commercially 
proven technology within CSP, expected to remain market 
leadership until 2012; others: central receiver, linear fresnel, 
dish sterling 

▪  Thermal storage (heated molten salt) can be added to the 
system to create dispatchable non-intermittent electricity 
source 

▪  Dormant industry since 1980s but experiencing strong 
growth since 2005 

▪  Global installed capacity until 2008: ~0.8 GW  

▪  Suitable solar CSP regions within EU-27: largely Spain but 
some potential in Portugal, Italy, Greece 

▪  Estimated potential for Southern Europe (Spain, Portugal, 
Italy Greece and Malta): 50 to 100 GW (~200 to 400 TWh/  
yr with storage), taking into account restrictions due to land 
use, restricted areas, terrain configuration requirements 

▪  Potential in North Africa: very large, more than enough to 
supply local and European demand 

▪  Technical barriers:  

–  Scarcity of adequate location in Europe for parabolic trough 
(areas need to be flat, have sufficient water availability - or 
dry cooling to be added - and high radiation) 

▪  Economical: 
–  At current wholesale market/prices, support mechanisms 

are required 
▪  Trans-CSP from North Africa is technically feasible but 

engages multiple stakeholder 

▪  Without storage 
–  CAPEX (in 2010): 3000-5000 EUR/kW 
–  OPEX (in 2010): 120-180 EUR/kW/yr 
–  Reduction in CAPEX of 40-60% until 2020 to 2000 to 3000 

EUR/KW with specific improvements such as improvement 
in mirrors and direct steam. 5% learning rate after 2020.  

–  Load factor: 25 to 35% without storage (Europe) 
▪  With storage (5-7 hrs) 

–  CAPEX (in 2008): 4000-6000 EUR/kW 
–  OPEX (in 2008): 150-240 EUR/kW/a  
–  Learning rate: same as without storage, limited learning in 

molten salt technology  
–  Load factor: 40-55% (Europe) 

▪  Lifetime: 30 years 

SOURCE: Expert workshop; team analysis 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for Biomass 

▪  Using solid biomass for 20-35% of the fuel supply in coal 
plants ('co-firing'); dedicated plants using 100% solid biomass 

▪  Biogas could be produced from biomass and used in gas 
plants or for heating 

▪  Specifications for dedicated biomass power plants 
–  Load factor: 80% 
–  35% efficiency for dedicated plants, 80% for CHP 
–  CO2 emissions: 10-60 kg/MWh 
–  Lifetime 30-40 years 
–  ~ 250 MW plants (large plants) 

▪  Global supply potential 2020 ~18.000 TWh(th) 
▪  Total Biomass available in 2020 for European electricity 

production: 11.000 TWh(th) ~4,000 TWh(e) (not cost efficient) 
▪  Economical potential 2050 for Europe: 4500-5000 TWh (th)  

to be split between transport road and air/sea as well  
as industry and power (includes 10-20% imports) 

▪  Capex: 2300-2600 EUR/kWe, assuming a 50%/50% mix of 
dedicated normal and CHP plants 

▪  Construction time: ~2 years 
▪  Learning Rate: ~1% p.a. 
▪  Fixed OPEX: 0.7% of investment 
▪  Variable OPEX: ~9 EUR/MWh 
▪  Fuel Price: Average price of ~ 50 EUR/MWh(e) in 2010, down 

to 34 in 2020, and a 0.5% p.a. reduction from then onwards 

▪  Technological – none 
▪  System issues (grid, storage) – biomass supply infrastructure 

widely not available today 
▪  Energy security – 10-20% of supply of biomass from outside 

EU-27 (Ukraine, US, Russia…) 
▪  Environmental – sustainability to be ensured 
▪  Public acceptance – Yearly revenues by farmers required, 

food vs. biomass competition 

SOURCE: McKinsey Proprietary Integrated Biomass model; team analysis 
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Description of the opportunity – basic facts 1 

Current cost and future development 3 

Estimated potential of the opportunity 2 

Key barriers 4 

Basic assumptions for Geothermal 

▪  Principle: Relies on heat from the earth’s core to provide a 
steady supply of energy, which is used to make steam to 
drive a turbine generator 
–  Conventional geothermal requires naturally wet 

subsurface rock 
–  Enhanced geothermal works in more dry subsurface 

rocks and requires injection of water  
▪  Most common technologies used for geothermal power 

systems are dry steam, flash steam and binary cycle 

▪  European potential 

–  Conventional technology: ~100 TWh in 2050 
–  Enhanced Geothermal System: > 2,000 TWh in 2050 

▪  Public resistance due to emissions (hydrogen sulfide, 
ammonia,…) and potential earthquakes/earthmovements 
(e.g., subsurface in the city center of Staufen, a Southern-
German city, is moving up by 1 cm per month probably due 
to geothermal drillings) 

▪  "Dry-hole" risk 
▪  High upfront investments combined with high risk of early 

resource depletion 
▪  Availability of drilling equipment and work force very limited 

▪  Conventional 
–  CAPEX: 2700-3300 EUR/KW in 2010 
–  OPEX: 60-120 EUR/KW/yr  
–  Learning rate: 1% p.a. 
–  Load factor:  87% 
–  Lifetime: up to 30 years 

▪  Enhanced Geothermal System (not included  
in the base case) 
–  Target CAPEX: 3500-4500 EUR/KW in 2015; currently 

~5000 EUR/kW as seen at first commercial EGS plant in 
Landau, Germany (depending on well depth) 

–  OPEX: 60-120 EUR/KW/yr  
–  Learning rate: 2.5% p.a. 
–  Load factor: 82% 

SOURCE: SETIS; European Geothermal Energy Council; expert interviews; team analysis 
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4,800 

3,700 

2050 2040 

4,400 

2030 

4,100 

2020 2010 

3,250 

49% 

34% 

32% 

17% 

Current plants are assumed to retire at the end of the economic 

lifetime 

Fossil existing1 

Fossil new build 

Nuclear existing1 

Nuclear new build 

RES existing1 

RES new build 

1 Existing capacity includes plants under construction 
2 RES capacity remaining in 2050 is entirely made of hydropower plants 

EU-27, Norway and Switzerland, TWh per year  

SOURCE: McKinsey Power Generation Model; team analysis 
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Most of the non-hydro capacity will be retired by 2040 

SOURCE: McKinsey Power Generation Model; team analysis 

Existing fossil 

Existing nuclear 

Existing RES1 

Total power demand 

4,800 

3,700 

2050 40 

4,400 

30 

4,100 

20 2010 

3,250 

700 

900 

Power supply by existing and currently planned  
power plants and forecasted power demand, TWh 

BASELINE 

Additional power generation that needs 
to be build in order to meet 2020 
demand 

1 Existing RES mainly hydro; remains in operation until 2050 
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4,800 

3,700 

2050 2040 

4,400 

2030 

4,100 

2020 2010 

3,250 

49% 

34% 

32% 

17% 

In the baseline, 50% of production is supplied by fossil  

fuels in 2050 

Fossil existing1 

Fossil new build 

Nuclear existing1 

Nuclear new build 

RES existing1 

RES new build 

1 Existing capacity includes plants under construction 

Power supply development by technology, 
TWh 

BASELINE 

SOURCE: McKinsey Power Generation Model; team analysis 

EU-27 + NOR + CH 
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Centre of gravity1 

▪  34 GW of existing capacity is 
assumed (varying per region) 

▪  The grid model shows that 
limited additional capacity is 
required in the baseline 

▪  The additional capacity is 
limited to requirements for 
incremental bulk transport 
between regions.  It does not 
include grid improvements for 
developments common to all 
pathways 

SOURCE: Imperial College; KEMA; team analysis 

In the baseline, strengthening of the connection of the Poland & 

Baltic region to the rest of Europe is beneficial 

Existing capacity 

BASELINE 

Additional capacity 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

1GW 

1GW (Line utilization 
73%)2 

(Line utilization 
79%)2 

1 Centre of gravity is the geographical centre of the region.  It is used as the point to and from which the regional demand and generation is connected 
(either directly or for offshore wind via transmission capacity to the shoreline) and where all inter-regional flows start and terminate 

2 Utilisation is the percentage of time the maximum capacity is used.  It is the total energy (MWh) that flows, divided by the maximum capacity (MW) 
times the number of hour in the year (hours). 
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Fuel cost assumptions 

1 Including waste provision 
2 Project team assumption 

SOURCE: IEA  WEO 2007 and 2009, ECN expert advice on uranium; team analysis  

In USD/EUR (real) Used in the model 

Coal 

USD/t 

Gas 

USD/mmBTU 

Oil 

USD/barrel 

70 

8.9 

Uranium 

EUR/MWh 
8.01 

61 

Actual 

2009 

91 109 

10.5 14.8 

8.01 8.0 

87 115 

WEO 2009 

2015 2030 

109 

14.8 

115 

8.0 

2010 2030 

56 61 

6.6 7.3 

62 62 

8.01 - 

WEO 2007 

2050 

EU 20502 
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Non-power assumptions in the baseline 

▪  Hybrid vehicles use an internal combustion 
engine (ICE) as primary mover, but also electric 
power that supplements ICE power 

▪  Plug-in hybrids use power from both an ICE 
and a battery that can be plugged in to charge 

▪  Battery electric vehicles use rechargeable 
plug-in batteries as its only source of power 

▪  Hydrogen can be used both for combustion in 
ICE and for electric power in fuel cells 

▪  Biofuels are liquid fuels derived from plant 
materials 

Description of technologies Penetration in baseline (WEO 2009) 

▪  Share of hybrids in the global fleet 
reaches 6.1% by 2030 

▪  Plug-in hybrids and battery electric 
vehicles account for only 0.3% in 
2030 

▪  No use of hydrogen in baseline 

▪  By 2030, biofuels meet 5% of total 
world road-transport energy demand 

▪  Heat pumps use electric power in an efficient 
way to move heat from one location to another 
for heating or cooling purposes 

▪  Use of heat pumps in industry not 
mentioned in WEO 2009 baseline 

▪  Heat pumps use electric power in an efficient 
way to move heat from one location to another 
for heating or cooling purposes 

▪  Combined heat and power (CHP) systems in 
buildings deliver both the heat demand and 
produce electricity 

▪  Use of heat pumps in buildings not 
mentioned in WEO 2009 baseline 

▪  Use of micro-CHP not mentioned in 
WEO 2009 baseline 

SOURCE: IEA World Energy Outlook 2009 

Transport 

Buildings 

Industry 
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100% = 5.7 GtCO2e 

Other 

non-CO2 

Buildings 

Industry 

20 

Transport air  
and sea 

7 

Transport Road 
17 

Power 
26 

EU-27 emissions break-down, Percent , 2007 

SOURCE: IEA WEO 2009; McKinsey Global GHG Abatement Cost Curve; team analysis 

Power, transport road and industry account for 70% of emissions 
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Rest of  
EU-27 45% 

United Kingdom 

14% 
Italy 

10% 

Germany 

27% 

3% 

France 

Geographic distribution in power 

emissions in EU-27 
End-use distribution 

100% = 1.3 GtCO2e 100% = 1.3 GtCO2e 

52% 

Industry1 

Residential  
and  
commercial 

48% 

1 Includes 1% for transportation 

SOURCE: IEA WEO 2009 

Percent of total emissions, 2007 

Germany, the UK and Italy emit half of the power sector emissions 
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GHG emissions include 13% non CO2 emissions 

SOURCE: IEA WEO 2009; McKinsey Global GHG Abatement Cost Curve; team analysis 

Total GHG emissions 5.3 

Allocation of global air  
and sea transport 0.5 

Non-CO2 emissions 0.7 

Non combustion  
CO2 emissions 0.4 

Total combustion emissions  3.7 

Power  1.2 

Non power combustion1  2.5 

Source  

▪  IEA WEO 2009 

▪  McKinsey Global 
Cost Curve (based 
on the EPA as well 
as other sources) 

▪  McKinsey Power 
Generation Model  

▪  Consistent with IEA 
WEO 2009 

EU-27 GHG emissions in 2030, GtCO2e  

1 Includes Buildings, Transport and Industry combustion 
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Oil 

Gas 

Coal 

Nuclear  

RES 

IEA WEO 2009 
power emissions, 
MtCO2 

Bottom up  
power emissions,  
MtCO2 

2  

1,243 

41 
500 

Power generation,  
TWh 1 

4,100 

54 

1,123 

1,436 

Bottom up estimation of emissions in power sector is aligned with 

IEA emissions 

SOURCE: McKinsey Power Generation Model; IEA WEO 2009; team analysis 

1 Generation mix based on the McKinsey Power Generation Model 
2 Emission intensities: coal  0.99 tCO2/MWh; gas 0.45 tCO2/MWh; oil 0.75 tCO2/MWh 

Power sector generation and emissions, 2030 
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Logic for projecting emissions for 2030 to 2050 

SOURCE: Team analysis 

Assumptions 

2010-2030 

2030-2050 

Emissions 

In EU-27 

GDP in EU-27 

Total GDP 
Emissions Intensity 

(Emissions per GDP 
unit) 

× = 

IEA WEO 2009 Calculated ratio 

Oxford Economics Trends are 
assumed to be the 
same 

Calculated by 
multiplication 

▪  WEO 2009 for 
CO2 

▪  McKinsey model 
for power  

▪  Global cost 
curves for non-
CO2 emissions 
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Trends in emission intensity improvements by sector are assumed 

the same in 2030-50 as in 2010-30 

2010-
30 

2030-
50 

2010-
30 

2030-
50 

2010-
30 

2030-
50 

2030-
50 

2000-
10 

2010-
30 

2010-
30 

2030-
50 

Emission intensity improvements year on year, Percentage change emissions per unit of total GDP 

Whole Economy Power Transport Industry  Residential 

SOURCE: IEA WEO 2009; McKinsey Global GHG Abatement Cost Curve; team analysis 

NOTE: the numbers refer to improvements in emission intensities and hence imply a reduction in power per unit of measured output 
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The breakdown by sector is obtained on the basis 

of sectoral emission intensity obtained from IEA data  

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

1 GDP growth assumptions are from IEA WEO 2009 for 2010-30 and Oxford Economics for 2030-50 
2 In the agricultural sector we use the sector growth rates in terms of value added (source: Oxford Economics) given the large difference with GDP 

Growth rates of emissions based on GDP and emission intensity, Average growth rates per annum 
Percent 

Assumed constant 

0.302 

GDP 
growth1 

Emission 
growth 

Emission 
growth per  

unit of GDP 

2010-30 2030-50 

-1.102 

GDP 
growth1 

Emission 
growth 

Emission 
growth per 

unit of GDP Sectors 

-0.17% -0.11% 

Transport Road 0.10% 0.16% 

Transport air/sea 0.70% 0.76% 

Industry -0.21% -0.15% 

Buildings -0.51% -0.45% 

Waste -0.74% -0.68% 

Power 

Agriculture -0.38% -1.78% 

1.80% 1.74% 

-1.91% 

-1.64% 

-1.04% 

-1.95% 

-2.25% 

-2.48% 

-0.68% 

-1.91% 

-1.64% 

-1.04% 

-1.95% 

-2.25% 

-2.48% 

-0.68% 
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Emissions intensity developments by sector 

SOURCE: IEA WEO 2009; Oxford Economics; team analysis 

Sector  1990 2010 

610 460 Whole economy 

- 116 Power 

- 87 Residential 

- 88 Transport 

2030 

306 

83 

59 

60 

- 79 Industry 47 

2050 

218 

57 

42 

43 

34 

Emission intensity, gCO2e/GDP unit  
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Emissions are assumed to grow slightly in the baseline after a drop 

before 2010 

SOURCE: McKinsey Global GHG Abatement Cost Curve; IEA WEO 2009; WRI (CAIT 2009) Oxford Economics for GDP 2030-50; team analysis 

EU-27 total GHG emissions, GtCO2e per year 

0.3 

0.9 

Power 

Agriculture 

Waste 

Buildings 

Industry 

Transport Air & Sea 

Transport Road 

2010 2050 

0 
0.3 

0.3 

5.4 

1.1 

0.9 

1.2 

0.9 

1990 

0.9 

1.2 

5.2 

0 
0.5 

0.2 

0.9 

1.0 1.0 

1.0 

1.2 

2030 

5.3 

0 
0.4 

-9% 
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1.2 

1990 

1.0 

1.2 

2030 

5.3 

2050 target 

0.4 

1.0 

2050 

5.4 

0.3 

0.9 

1.0 

0.9 

1.2 

0.3 

2010 

5.2 

0.5 
0.2 

0.9 

0.3 

0.9 

1.1 

0.9 
-80% 

The target is to reduce greenhouse gases by 80% in 2050 compared 

to 1990 

EU-27 total GHG emissions, GtCO2e per year 

Total 

Agriculture 

Waste 

Buildings 

Industry 

Transport Air & Sea 

Transport Road 

Power 

Forestry 

Sectors 



92  

This can only be achieved by realizing the maximum abatement 

within and across sectors 

Realize maximal 

abatement by 

sector 

Shift fuels to low 

carbon fuels 

Description Result 

▪  Use McKinsey global CO2 
curve (GCC) to quantify 
abatement potential until 
2030 

▪  Extrapolate some measures1 
until 2050 and apply CCS to 
50% of large industry 

▪  Leads to ~60% GHG 
reduction 

▪  Switch CO2 emitting fuels in 
transport, buildings, and part 
of industry to CO2 free fuels, 
e.g., electricity, biofuels, and 
hydrogen 

▪  Leads to 80% GHG 
reduction 

1 E.g., building efficiency, transport bundle 4 

SOURCE: Team analysis 
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A combination of sector maximum abatement and additional 

system optimization (fuel shift) leads to 80% reduction 

NOTE: Abatement potential excludes measures that affect lifestyle    
1 E.g., CCS applied to 50% of large industry 
2 Potential remaining emissions in the power sector due to the use of gas (OCGT plants) for backup and from CCS plants with ~90% capture rate 

SOURCE: McKinsey Global GHG Abatement Cost Curve; Team analysis 

GtCO2e per year 

Emissions in 1990 

1.2 

Emissions target in 2050 

0.8 

Further potential penetration of  
measures up to 2050 1, 2 1.3 

Additional fuel shift 

Remaining emissions 

Abatement potential by 2030 1.6 

Remaining emissions 

0.3 

Baseline 2050 emissions 5.4 

-80% 

Power sector 

UPDATED  
WITH  
WEO 2009 
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Total 0.8 

Other 

Forestry 

Buildings     

Industry  

Transport road,  
air/sea 

1.4 

The potential per sector (excluding power) is 

derived from the McKinsey CO2 abatement curve 

Up to 

2030 

GtCO2e per year 

Total 

Other 

Forestry 

Buildings 

Industry 

Transport road,  
air/sea 

▪  Efficiency improvements 

▪  Efficiency improvements 

▪  Afforestation, forest restoration, forest 
management 

▪  Further efficiency improvement (e.g., 
rollout of bundle 4 for road transport) 

▪  Further afforestation, forest restoration, 
forest management 

2030- 

2050 

SOURCE: McKinsey Global GHG Abatement Cost Curve; Team analysis 

▪  Apply CCS further to 50% of large point 
industry emissions (at 90% efficiency) 

▪  Additional rollout of cost curve levers 

▪  Efficiency improvements (combustion, 
process, fuel shift) and some CCS 

▪  Other levers included in the cost curve 

▪  Further penetration of other levers 

GLOBAL COST  
CURVE – WEO 2007 

▪  0.6 already included in WEO 2009 
▪  0.8 not included in WEO 2009 
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1,000 

Abatement  

cost  

€ per tCO2e 

900 800 700 0 400 300 100 1,400 1,300 1,200 1,100 200 600 500 
Abatement potential 

MtCO2e per year 

Retrofit HVAC 

Retrofit Building Envelope 

Transport 
Sea 

Water Heating, Building 

Gasoline 
Efficiency, 
Transport 

Diesel 
Efficiency, 
Transport 

Retrofit 
Building 
Envelope Gasoline 

Efficiency, 
Transport 

Energy 
Efficiency, 
Buildings 

Energy 
Efficiency, 
Other 
Industry 

Transport 
Air 

Degraded 
Forest 
Reforestation 

Pastureland 
Afforestation 

CCS Retrofit 

Plug In Hybrid 

EU-27 GHG abatement curve for 2030, excluding power 

SOURCE: McKinsey Global GHG Abatement Cost Curve, based on WEO 2007; Team analysis 

Note: The curve presents an estimate of the maximum potential of all technical GHG abatement measures below €60 per tCO2e if each lever was 
pursued aggressively. It is not a forecast of what role different abatement measures and technologies will play.  

Excluding  
▪  Power sector abatement 
▪  Abatement from indirect emissions 
▪  Agriculture sequestration levers 

which will disappear by 2050 

Direct abatement potential of consuming sectors 

Carbon Capture & 
Storage (CCS) 

GLOBAL COST  
CURVE – WEO 2007 
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Fuel shift is required in transport, industry and buildings 

SOURCE: Team analysis 

Fuel shift 
in industry 

Total 

0.1 

1.3 

Fuel shift 
in buildings 

Fuel shift in air 
and sea transport 

0.4 

0.7 
Fuel shift in  
road transport 

0.1 

▪  Full electrification of light and medium duty vehicles 
beyond efficiency improvements 

▪  Heavy duty vehicles shift for 45% to biofuels and for 45% 
to hydrogen fuel cells 

▪  Total demand shifts for 30% to biofuels (shift is constrained 
by limited availability of biofuels) 

▪  Total combustion demand shift for 10% to heat pumps 
(shift is constrained by temperature limit of a heat pump) 

▪  Total demand shifts for 90% to heat pumps for heating and 
cooling 

Assumptions 

2050, GtCO2e 
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A mix of low carbon technologies is assumed for road transport 

SOURCE: Team analysis 

Source 

▪  Power: 740 TWh per year 

▪  Biomass: 1500 TWh per year 

▪  Hydrogen: 340 TWh per year 

▪  Diesel: 15 Mtoe (170 TWh per 
year) 

1 It is assumed that 80% of the energy is provided by power and 20% by biofuels 

Energy use 

▪  Battery electric vehicles: 80% 
▪  Plug-in hybrid vehicles1: 20% 

▪  Battery electric vehicles: 80% 
▪  Plug-in hybrid vehicles1: 20% 

▪  Biofuels: 45% 
▪  Hydrogen fuel cell vehicles: 45% 
▪  Diesel internal combustion 

engines: 10% 

Heavy-duty 

vehicles 

Medium-duty 

vehicles 

Light-duty 

vehicles 
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Application of biofuels to transport is limited, 

due to available biomass and required biomass for power 

SOURCE: Team analysis 

Biomass for power 

1,000 
Biomass for air and 
sea transport 

2,100 

Available biomass1 

Biomass for road transport 1,500 

4,600 

Assumptions 

Economical sustainable  
biomass potential for Europe 

45% of heavy trucks switched to 
biofuels 

30% of air and sea fuel demand 
switched to biofuels 

Equivalent to 700 TWh per year 
at 35% efficiency 

Primary energy in TWh 

1 EU production plus limited imports (~20-30%) from Russia, Ukraine, Africa and Brazil, 2050 
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0.40 

0.30 

0.20 

0.50 

Mass electrification of road transport could be economic 

from 2020 onwards 

SOURCE: Japan Automobile Manufacturers Association (JAMA); Oxford Economics; IEA; Press search; Team analysis 

Total cost of ownership for average passenger vehicle 

EUR/km 

Electric 
vehicles Internal combustion 

engine vehicles 

Initial application in 
city cars and plug-in 
hybrids, due to high 
cost of long-range 
batteries 

Long-range electric 
vehicles could 
become economic, 
depending on 
battery cost 

Cost of ICE vehicles 
depends on future oil 
price and additional 
CO2 cost 
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Electric vehicle cost reduction needs to come from battery 

improvements 

SOURCE: Japan Automobile Manufacturers Association (JAMA); Oxford Economics; IEA; Press search; Team analysis 

Battery 

Maintenance 

0.21 

0.02 

0.02 

Energy 

2050 

0.02 

0.20 

0.02 

2030 

0.34 

0.24 

2010 

Body+drivetrain 

0.02 

0.03 

2040 

0.02 

0.03 

0.02 

0.03 

0.22 

2020 

Total cost of ownership, EUR/km, base case 



101  

Required fuel shift to batteries, biofuels, and hydrogen poses a 

significant challenge to the automotive industry 

Millions of vehicles on the road 

Light and medium duty vehicles 

2050 2040 2030 2020 2010 

Heavy duty vehicles 

2050 2040 2030 2020 2010 

Battery electric 
vehicles 

Fossil fuels 

Hybrid 

Plug-in 
hybrid 

Fossil fuels 

Biofuels 

Hydrogen 

0.5% p.a.1 

1.6% p.a.1 

SOURCE: Team analysis 

1 Growth of heavy-duty vehicles is strongly correlated with GDP growth, whereas growth in car transportation has lower elasticity of demand 

This is not a forecast, 
different technology 

mixes may 
materialize 
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Billions of Km driven1 by type of energy sources 

6,000 

5,000 

4,000 

3,000 

2,000 

1,000 

0 

Hydrogen 

Biofuels 

2050 2040 2030 2020 2010 

Battery 
electric 
vehicles 

Fossil 
fuels 

Hybrids 
Plug-in 
hybrids 

NOT A FORECAST, DIFFERENT  
TECHNOLOGY MIXES MAY MATERIALIZE 

1 Kilometers for heavy trucks normalized for a factor 4 higher fuel consumption per km 

0.8% p.a.1 

The decarbonized pathways assume a mix of electric vehicles, 

biofuels and fuel cell vehicles 

SOURCE: Team analysis 
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2030 

7 10 

2010 2050 

5 

Electricity demand of vehicles Number of vehicles1 

Power demand for road transport could grow to 740 TWh per year 

SOURCE: McKinsey Global GHG Abatement Cost Curve; Team analysis 

Million vehicles 

Power demand 

TWh per year 

2050 2040 2020 2030 

MDV 

LDV 

▪  Light duty vehicles 
–  Distance travelled of 13,500 

km per year 
–  Power demand of 185 Wh/km 

(including grid losses) 

▪  Medium duty vehicles 
–  Distance travelled of 25,000 

km per year 
–  Power demand of 440 Wh/km 

(including grid losses) 

1 2030 number of vehicles based on GCC assumptions; 2050 number assumed to grow based on GDP growth and relative 2010-30 growth 

EU-27 
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Heat pumps are assumed to replace gas boilers and heaters 

SOURCE: European Heat Pump Association; Japanese Heat Pump Association; IEA; IPCC; Team Analysis 

Demand load 
curve 

Heat pump 
efficiency 

Parameter 

Penetration of 
heat pumps 

Assumptions 

▪  Within the built environment, existing fossil fuels (mostly 
natural gas) is switched for 90% to electric heat pumps  

▪  Alternatively, district heating with biomass, CCS or industry 
waste heat can be applied 

▪  Impact on the load curve has been assessed and is 
highlighted in the grid section 

▪  Assumed average coefficient of performance of 4, i.e., 4 
kWh of heat for every kWh of power consumed 

▪  Current experiences, e.g., in Japan, show efficiencies 
between 2 and 6 

▪  Efficiency deteriorates quickly with low (ground) 
temperatures. Mitigation options are: 
–  designing a larger system 
–  applying heat storage 
–  dealing with a lower efficiency and higher power demand  
–  applying additional heating by burning natural gas or 

biofuel 
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In metropolitan areas, larger heat pump installations serving 

multiple buildings/blocks may be attractive 

SOURCE: Press search; team analysis 

Stockholm's Värtan Ropsten heat pump system 

▪  World’s largest sea water based heat pump (total 
capacity of 420 MW) 

▪  Provides ~60% of the total energy input for the 
Stockholm Central Network 

▪  Capacity sufficient to operate autonomous during 
spring, summer and early autumn 
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Additional power demand  Emission reduction 

Power demand for heating buildings could grow to 500 TWh per 

year 

SOURCE: McKinsey Global GHG Abatement Cost Curve; Team analysis 

TWh per year ▪  Efficiency: average COP of 4 

▪  Heat pumps: application of 
heat pumps to 90% of 
demand after efficiency 
improvements 

▪  Other technologies 
–  Solar heating included in 

efficiencies 
–  Biomass or district heating 

with CCS not included in 
base case 

MtCO2e per year, 2050 

30 

Heat 
pumps2 

Efficiency 
improve-
ment 

Total 
emis-
sions 

Remaining 
emissions 

Emissions1 

2030 2020 2050 2040 

1 2050 Total emissions calculated based on global cost curve; All targeted emissions assumed to be fossil fuels used for heating applications 
2 Fossil fuels of ~1900 TWh equivalent; based on an average emission intensity of 0,257 tCO2/MWh. Heat pumps are expected to deliver 4 units of 

thermal energy for 1 unit of electricity; for conventional fossil fuel heating, 95% efficiency is assumed  

EU-27 
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Heat pumps have limited applicability in industry 

SOURCE: Team analysis 

Demand load 
curve 

Heat pump 
efficiency 

Parameter 

Penetration of 
heat pumps 

Assumptions 

▪  Within industry, low temperature heat demand is 
switched from natural gas to electric heat pumps, 
which is assumed to be 10% of total demand 

▪  Non combustion fuel demand and high temperature 
fuel demand (e.g., for furnaces) is not applicable 

▪  Alternatively, industry waste heat, biomass or CCS can 
be applied 

▪  Impact on the load curve has been assessed and is 
highlighted in the grid section 

▪  Assumed a lower average coefficient of performance 
of 2.5, due to higher temperature requirement 
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Additional power demand  Emissions 

Power demand for industrial heat pumps could grow to 200 TWh 

per year 

1 Based on an average Emission intensity of 0,225 tCO2/MWh       
2 Heat pumps are expected to deliver 2.5 units of thermal energy for 1 unit of electricity, for conventional fossil fuel heating, 95% efficiency is assumed 

SOURCE: McKinsey Global GHG Abatement Cost Curve; Team analysis 

2050 2040 2030 2020 

Emission reduction 

▪  Efficiency: average COP of 2.5 

▪  Heat pumps: application of 
heat pumps to 10% of demand 

▪  Other technologies: 
application of industry waste 
heat, biomass or CCS not 
included in base case 

MtCO2e per year, 2050 

Remaining 
emissions 

1,000 

Heat 
pumps 

Efficiency 
improve-
ment and 
CCS 

100 

Total 
emiss- 
ions 

TWh per year 

EU-27 
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0 

Reduction  
target  

60% 

65% 

70% 

75% 

80% 

85% 

1 Assumptions: For light- and medium-duty vehicles – 100% electrification (partially plug-in hybrids), for heavy-duty vehicles use of 45% biofuels,  
45% hydrogen fuel cells, for air and sea transport use of 30% biofuels, 70% fossil fuels (after 40% efficiency improvement) 

2 Decarbonization of power relative to baseline with carbon intensity of 250 tCO2/TWh, 90% reduction would reduce this to 25 tCO2/TWh 

The power sector needs to be decarbonized between 90 and 100% 

100% power 
decarbonized2 

90% power 
decarbonized2 

100% 

95% 
25% 

90%  
90% 
10% 

50%  
50%  
10% 

Road transport  
Buildings  

Industry combustion 

95% power 

decarbonized 

95%1 

90% 

10% 

GHG reduction 
2050 versus 1990 

Increasing fuel shift 
Axis not to scale 
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Forestry Carbon sinks -0.25 GtCO2e 

Agriculture 20% 20% 

Waste 100% 100% 

Buildings 45% 
(efficiency) 

50% (heat 
pumps) 

95% 

Industry 35% (effi-
ciency, CCS3) 

5% (heat 
pumps) 

40% 

Air & sea 
transport 

30% 20% (biofuels) 50% 

Road 
transport 

20% 

75% (electric 
vehicles, biofuels 

and fuel cells) 
95% 

Power >95% 95% to 100% 

SOURCE: McKinsey Global GHG Abatement Cost Curve; IEA WEO 2009; US EPA; EEA; Team analysis 

Sector 

Abatement 
within sector1, 2 

Abatement from 
fuel shift 

Total 
abatement 

1 Abatement estimates within sector based on the McKinsey Global GHG Cost Curve 
2 Large efficiency improvements are already included in the baseline based on the IEA WEO 2009, especially for industry 
3 CCS applied to 50% of large industry (cement, chemistry, iron and steel, petroleum and gas, not applied to other industries)  

GtCO2e per year 

= + 

EU-27 total GHG emissions 

2010 

5.2 

0.5 

0.2 0.6 

0.9 

0.3 

0.9 

1.2 

1990 

1.2 

0.2 

1.1 

-0.3 

1.0 

1.0 

0.9 

0.3 

5.4 

2050 2050 
abated 

0 

1.0 

0.9 

1.2 

0.3 
0.4 

5.3 

2030 

1.2 

0.9 
-80% 

80% decarbonization overall means nearly full decarbonization in 

power, road transport and buildings 
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Reaching the -80% reduction target requires  

large reductions across all sectors 

▪  Achieving significant efficiency improvements in the 
baseline (1 to 2% p.a.) 

▪  Abating within each sector to its maximum potential 

–  Full implementation of all measures identified in the 
McKinsey global GHG cost curve 

–  Further penetration of measures in forestry, CCS, 
transportation, buildings between 2030 and 2050 

–  Decarbonizing the power sector for 90 to 100% 

▪  Implementing fuel shift in transport, industry and 
buildings (electrification, biomass, fuel cells) 
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113  SOURCE: Team analysis 

Decarbonization of the power sector is assessed quantitatively using 

current technologies and qualitatively assuming discontinuities 

Extrapolation 

using today’s 

technologies 

Discontinuity / 

breakthrough 

▪  Assessment whether an 80% 
reduction is possible with today’s 
technologies and at what cost 

▪  Comparison of decarbonization 
pathways on economic, reliability  
and security of supply metrics 

▪  Indication of required construction 
and investments by decade 

▪  Assessment of short team 
measures that fit with the long-
term vision 

What it allows 

▪  Understanding how alternative 
futures could look like 

▪  Testing of measures for 
robustness against dramatically 
different situations 

▪  Extrapolation of energy and power 
demand from 2010 to 2050  

▪  Back-casting from 80% reductions in 
2050 to today 

▪  Applying a mix of technologies that are 
in late stage development or further 

▪  Extrapolating power generation cost 
based on learning rates and growth 

rates that are tested with industry 

▪  Designing a grid and related services 
that provide reliability to the current 
standard 

What it covers 

▪  Testing potential discontinuities in 
demand and security of supply 

▪  Possible breakthrough supply 
technologies (performance, costs and 
potential) 
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Back casting first solves 2050 and works back to today 

Comparison 
Pathways: produc-

tion mixes 2050 
Build up by decade Power demand 2050 

▪ Power demand by 
sector after efficiency 
measures 

▪ Impact of transport, 
building and industry 
electrification 

▪ Feasible (not 
optimized) power 
production mixes 
that produce close 
to zero emissions 

▪ Grid designs that 
deliver today’s 
reliability 

▪ Build up of power 
demand, generation 
and grid 
construction and 
capex 

▪ All plants retired at 
end of assumed 
lifetime (e.g., coal 
plants retired after 
40 years)1. There is 
no need for early 
retirement of 
existing assets 

▪ Comparison by 
pathway on cost of 
electricity, reliability, 
capex, macro-
economic 
implications, energy 
security 

▪ Sensitivities on fuel 
cost, capital cost, 
learning rates, etc. 

1 See chapter 3B for assumed lifetime of plants 



115  

Principles to designing the decarbonization pathways 

SOURCE: Team analysis 

▪  Given that 2050 is far away, the generation mixes are not projected or 
forecasted but defined as an input, reflecting a wide range of technically and 
economically plausible outcomes 

▪  The approach is technology agnostic, using using a portfolio of existing 
technologies instead of placing bets on a few technologies 

▪  The goal is not to discriminate between specific technologies, but to focus on 
the high level outcomes for each of the pathways 

▪  The build up and ramp down of technologies are based on expected lifetime 
of actual plants and planned constructions (all plants are assumed to be 
retired at the end of their economic lifetime, no earlier and no later – see 
detailed technology slides for these) 

▪  Cost outputs for specific technologies as well as for pathways should be seen 
in the light of high uncertainties in cost development over 40 years 

▪  Sensitivities are applied to understand the dependency of the outcomes on 
input assumptions 
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The pathways cover a wide range of technology mixes 

SOURCE: Team analysis 

1 Renewable energy sources 

Decarbonization pathways 

60% RES 

20% Nuclear  

20% CCS 
▪  RES mix based on current deployment 

(minimum), aim for a broad mix of 
technologies and theoretical deployment 
(maximum) 

▪  Equal shares for nuclear and thermal / CCS 

40% RES1 

30% Nuclear  

30% CCS 

▪  RES share close to currently legally committed 
by the EU and the IEA baseline 

▪  Sensitivities on a high nuclear share and a 
high thermal / CCS share are included 

80% RES 

10% Nuclear  

10% CCS 

Additional sensitivities 

▪  Fuel prices (coal, gas, 
uranium) 

▪  Cost of capital 

▪  Learning rates 

▪  Grid solutions 

▪  Electricity demand 

100% RES 

▪  Based on 80% pathway 
–  Conventional and nuclear replaced by CSP from 

Africa (15%) and enhanced geothermal (5%) 
–  Same shares for RES as the 80% pathway 
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1 Concentrated Solar Power (thermal, not photo voltaic)        2 Enhanced Geothermal Systems  3 Carbon Capture and Storage 

Including other 

regions and 

technologies 

Focus on EU-27 

and existing 

technologies 

Pathways containing, e.g., tidal, 

nuclear fusion, algae and 

power from Iceland or Russia 

are not assessed 

A 100% renewable scenario 

that includes CSP1 from North 

Africa and EGS2 is assessed 

technically and economically 

Three pathways with varying 

shares of renewable, nuclear 

and CCS3 are assessed both 

technically and economically 

20% 40% 95-100% 

Level of decarbonization 

of the power sector 

Today 

Baseline 

The 3 pathways are only a few examples of many potential options 

SOURCE: Team analysis 
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Back casting approach 

SOURCE: Team analysis 

▪  Share of technologies in 2050 is based on the input decarbonized pathway 
assumptions. No new oil plants in the pathways 

▪  RES target of 35% in power generation1 for EU-27 in 2020 is met. No specific RES 
penetration rates to be met in 2030 and 2040. Growth per technology is limited to 
20% per year. No specific CO2 targets to be met in 2020 or 2030 

▪  Starting point is set by existing capacities in 2010, taking retirements into account. 
Most existing thermal and nuclear power generation is retired before 2040. What 
remains (about 700 TWh per year), is mostly hydro 

▪  Between 2010 and 2020, new coal is assumed to be ‘CCS ready’ and will be 
retrofitted with CCS before between 2020 and 2030 

▪  Linear buildup of all technologies between 2010 and 2050, except 
–  Wind onshore is expected to grow above linear buildup until 2020, as it is the more 

proven and economic of the RES technologies 
–  Wind offshore is expected to grow below linear build up until 2020 but above linear 

build up from 2020 to 2040 due initial rollout of onshore turbines   
–  Large hydro and biomass build up develop in line with IEA/PRIMES assumptions 

▪  Limited nuclear new builds until 2020 due to long permitting and construction times. 
After that, buildup to reach the 2050 assumption 

1 In the 60% and 80% pathways; For EU-27 including Switzerland and Norway this is 38% 
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Most of the non-hydro plants will be retired by 2040 

SOURCE: McKinsey Power Generation Model; team analysis 

Total power demand Existing nuclear 

Existing RES2 Existing fossil 

2010 

3,250 

3,700 

2050 40 30 

4,400 

20 

4,100 

4,800 

900 

700 

Power supply by existing and currently planned  
power plants and forecasted power demand, TWh1 

BASELINE 

Additional power generation that needs 
to be build in order to meet 2020 
demand 

1 Assumes no change in reserve margin from 2010 to 2050 
2 Existing RES mainly hydro; remains in operation until 2050 
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5,000 

4,000 

3,000 

2,000 

1,000 

0 

4,500 

30 

4,200 

2020 2010 

3,250 

4,900 

3,650 

2050 2040 

850 

700 

Additional 850 TWh per year of production is 

required by 2020 

SOURCE: McKinsey Power Generation Model 

Existing nuclear 

Existing fossil Existing RES 

Total power demand EU-27 plus Norway and Switzerland, TWh1 

Power supply of existing power plants1 and forecasted power demand 

1 Assumes no change in reserve margin from 2010 to 2050  
2 Existing capacity includes new builds until 2010 

Additional power generation that is 
needed to meet 2020 demand  

ELECTRICITY DEMAND  
FOR PATHWAYS 
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Net 
power 
demand 
2050 

~4650 

Industry3 

200 

  Buil- 
  dings2 

EVs in 
transport1 

Power 
genera- 
tion 
before 
fuel shift 

Industry Buildings Extrapo- 
lated 
power  
demand 
2050 

Electricity 
demand 
2005 

SOURCE: Team analysis 

Power generation will go down due to higher efficiency  

and up due to additional demand from fuel shift 

Efficiency 

Fuel shift 

EU-27 power demand, TWh per year 

1 Electrification of 100% LDVs and MDVs (partially plug-in hybrids); HDVs remain emitting ~10% while switching largely to biofuel or hydrogen fuel cells 
2 90% of remaining primary energy demand converted to electricity (heating/cooling from heat pumps); assumed 4 times as efficient as primary fuel 
3 10% of remaining primary energy demand for combustion converted to electricity (heating from heat pumps); assumed 2.5 times as efficient as primary fuel 
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1 Electrification of 100% LDVs and MDVs (partially plug-in hybrids); HDVs remain emitting ~10% while switching largely to biofuel or hydrogen fuel cells 
2 90% of remaining primary energy demand converted to electricity (heating/cooling from heat pumps); assumed 4 times as efficient as primary fuel 
3 10% of remaining primary energy demand for combustion converted to electricity (heating from heat pumps); assumed 2.5 times as efficient as primary fuel 

SOURCE: Team analysis 

Power generation will go down due to higher efficiency  

and up due to additional demand from fuel shift 

EU-27 plus Norway and Switzerland power demand, TWh per year 

4,800 

Baseline 
power  
demand 
2050 

Buildings Power 
demand 
2005  

Power 
demand in 
decarbonized 
pathways 
2050 

Industry3 

200 

  Buil- 
  dings2 

EVs in 
transport1 

Power 
genera- 
tion 
including 
energy 
efficiency 

Industry 

Efficiency Fuel shift 
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Power demand is assumed to increase with ~40%  

by 2050 in the baseline 

SOURCE: IEA WEO 2009; Oxford Economics; Team analysis 

EU-27 power demand, TWh per year 

2030 

3,883 

1,127 

122 

1,178 

2010 

3,078 

93 

954 

1,456 

140 

1,270 

4,492 

2050 

Industry 

Services 

Transport 

Residential 

1,366 

1,716 

1,095 

3,275 

87 

886 

1,369 

2005 

+37% 
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Power demand is assumed to increase with ~40%  

by 2050 in the baseline 

SOURCE: IEA WEO 2009; Oxford Economics; Team analysis 

EU-27 plus Norway plus Switzerland power demand, TWh per year 

2010 

3,250 

100 

1,010 

2005 

90 

940 

3,450 

Residential 

Transport 

Services 

Industry 

2050 

4,800 

150 

1,480 

2030 

4,100 

130 

1,250 

+39% 
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Additional1 electricity efficiency potential in buildings and industry 

-1290 

Additional energy efficiency measures are assumed  

to reduce electricity demand linearly 

SOURCE: Team analysis 

▪  Baseline takes significant 
efficiency improvements 
into account (WEO 2009 
considers EU 20/20/20 
target) 

▪  Timing for measures 
beyond WEO 2009 
assumed to roll out 
linearly 

Assumptions  

EU-27, TWh per year 

1 Additional to baseline, which is based on WEO 2009 and assumes significant electricity efficiency improvements already 
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2050 2040 2030 2020 2010 

▪  In 2050, 100% of LDVs 
and MDVs electrified 

▪  EVs not fully cost 
competitive yet and future 
technology development 
required (battery) 

▪  Strong push for short-
range battery electric 
vehicles (city cars) and 
plug-in hybrids until 2020  

▪  Increased rollout speed 
after first 10 years for 
battery electric vehicles 

Assumptions  Transport switch to 100% electrified LDVs and MDVs 

EVs are assumed to grow significantly as of 2020 

EU-27, TWh per year 

Penetration rate LDVs/MDVs in % 0 7 42 87 100 
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Fuel shift towards electricity in buildings and industry  

is assumed to grow linearly  

SOURCE: Team analysis 

Fuel shift in buildings and industry towards electricity 

▪  Heat pumps are efficient and 
proven technology that are 
cost efficient already today 

▪  New buildings as well as old 
buildings equally switch to 
heat pumps/electric heating 
over time 

▪  Linear rollout assumed 

▪  Electricity demand in early 
years slightly higher due to 
less efficient houses and 
heat pumps 

▪  Final penetration of 90% in 
buildings, due to 
implementation barriers 

▪  May require heat/cold 
storage for very hot/cold 
days 

Assumptions  

EU-27, TWh per year 
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5,000 

4,000 

3,000 

2,000 

1,000 

0 

2050 2045 2040 2035 2030 2025 2020 2015 2010 

4,800 

4,900 

4,400 

4,500 

4,100 

4,200 

3,700 

3,650 
3,250 

3,550 

Baseline  

Decarbonized pathways 

The net impact of efficiency and fuel shift leads to a  

similar increase in electricity demand as in the baseline 

Note: Higher electricity demand due to inclusion of Norway and Switzerland (5-6%) 

EU-27 plus Norway and Switzerland power demand, 
TWh per year 

2008 
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1 Including Norway 
2 Including Switzerland 

Overall power demand grows from ~3,200 to ~4,900 TWh  

after energy efficiency measures and fuel shift 

2020 2030 2040 2010 

1,031 820 879 935 755 Benelux & Germany 

541 434 474 502 398 UK & Ireland 

598 394 458 516 354 Nordic1 

461 355 412 434 326 Iberia 

398 251 308 343 195 South East Europe 

648 558 602 617 542 France 

420 333 380 390 288 Italy & Malta 

368 210 274 321 169 Poland & Baltic 

432 265 323 371 221 Central-Europe2 

2050 Region 

4,897 3,630 4,179 4,519 3248 Total 3248 

EU-27 plus Norway and Switzerland power demand, 
TWh per year 

DECARBONIZED PATHWAYS 
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Power generation model logic 

Produc-

tion 

Capacity 

Costs 

  Calculates power production by technology from existing and firmly planned capacity 

over time (every 10 year) taking into account retirements 

▪  Determines the power to be produced by new builds by taking the difference of 
production required and the production from existing capacity that was calculated in step 1 

▪  Calculates the amount of production to be met by new capacity for every decade 

▪  Allocates the total required additional production to different technologies based on the 
pathway mixes 

  Determines the new build capacity for each technology by converting the production into 
capacity using the load factors of new builds for each technology 

▪  Determines the overall new build capacity required by taking into account the retirement  
of the capacity built after 2010 

  Determines capex based on the capacity installation. For evolving technologies use a 
learning rate 

▪  Calculates required capex and opex on a regional basis 

▪  Calculates Cost of electricity (CoE) by technology by region. These individual CoE 
numbers are used to determine the overall average CoE 
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Existing and planned capacities by technology are extracted from  

a comprehensive database 

Screenshot of detailed data on existing and planned capacities as used in generation model 

SOURCE: Team analysis 

Development of existing and 
planned capacities (GW) 
from 2010-2050 

Regional breakdown 
covers EU-27 plus 
Norway and Switzerland 

Technological breakdown 
covers 13 technologies 
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The grid must be reliable, as low-cost as possible and support 

decarbonization requirements 

1 RES shares of 40%, 60% and 80% are modeled 

SOURCE: Team analysis 

▪  Enable supply and demand to be balanced at 
any point in time 

▪  Maintain today’s level of security of supply 

▪  Support decarbonization by seeking to minimise 
the need for additional flexible thermal plants and 
maximise the use of intermittent renewable 
energy1  

▪  Optimize for low-cost, making the trade-off 
between additional transmission and generating 
investments as well as operating cost  

Objectives 
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Demand curves per region 

Hourly demand patterns  
for a year  

Supply curves per region 

Hourly production patterns  
for a year for intermittent 
sources 

Output: Grid 

design 

SOURCE: Imperial College; KEMA; team analysis 

McKinsey 

Hourly demand and load curves based  

on historic data 

KEMA Imperial College 

Power demand 

per region in 

2050 by pathway 

Installed capacity 

per technology 

per region in 
2050 by pathway 

A grid and  

back-up capacity 

that matches 
demand at 

current quality 

levels 

Grid design approach 

Input 
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The grid system is designed by seeking to optimize three elements, 

transmission investment, generation investment & operating costs 

▪ Transmission investments 
▪ Transmission flows 

Ensure adequate 

generation capacity 

With the available 

transmission 

To optimize the 

cost of operating 

the system 

Overall 

optimization 

Description ▪ Add back up and 
transmission 
capacity and 
optimize such that 
the system is able 
to meet peak every 
hour over the year 

▪ Balance the 
investments in 
generation given the 
available 
transmission 

▪ Schedule and 
dispatch generation 
▪ Allocate reserves 
▪ Includes stochastic 

wind and solar 
generation 
▪ Add transmission to 

economically 
dispatch generation 

▪ Iterate the 
simulations to 
seek optimal cost 
outcome – 
modifying 
investments in 
transmission and 
generation and 
operations costs 

Outputs ▪ Generation 
investments for 
additional capacity 
to make system 
reliable “back-up 
generation” 

SOURCE: Imperial College; KEMA; team analysis 

▪ Cost of balancing 
▪ Generation utilization 
▪ Volumes of curtailment of 

renewables and others 
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Model Structure 

Data Base 

Generation and 
Transmission 

Investment Model 

Reliability Evaluation Model 

Real-time System Balancing 
Model 

Cost optimal system 

capacity (generation 

and transmission) 

Sensitivity 

studies 

Key results: Adequate system capacity, overall cost of 
investment and operation, utilization of generation and 

transmission infrastructure, realized penetration of 
renewables key factor driving system capacity and costs. 

SOURCE: Imperial College; KEMA 
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Regional dispatch – Winter week 

Related LOLP 

SOURCE: Imperial College; KEMA; team analysis 

▪  The design must have a 
similar level of reliability to that 
seen today i.e., Loss of Load 
Expectation (LOLE) of ~4 
hours per year 

▪  The LOLE is the sum over all 
hours in a year of the Loss of 
Load Probability (LOLP) 

▪  LOLP is the probability that 
available capacity can not 
meet demand 

▪  Additional generation capacity 
is added until the LOLE is 
approximately equal to 4 hours 
per year 

Approach 

The capacity adequacy design seeks to minimize capacity  

while maintaining reliability 

LOLE is the 

sum of the 

LOLP over 
all hours 
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The model optimizes costs, both between transmission  

and generation and within a given generation portfolio 

SOURCE: Imperial College; KEMA; team analysis 

Inputs 

▪  The different pathways with average 
energy requirements 
▪  Hourly demand profiles 
▪  Hourly wind and solar profiles  
▪  Generation technical parameters and 

costs 
▪  Transmission investment capital costs 

Optimization 

Model optimizes for lowest total costs. It 
does so by calculating the best balance 
between additional transmission cost 
and additional generation cost (capacity 
and Opex costs) 1 

Inputs 

▪  The different pathways with average 
energy requirements 
▪  Hourly demand profiles  
▪  Hourly wind and solar profiles  
▪  Generation unit technical parameters 

and costs 

Optimization 
Model optimizes system operations, 
including reserve, response, use of 
storage, use of Demand Response etc. 2 

Optimizing between transmission and 

generation 
Optimizing the generation costs 

1 Objective function: Minimization of cost: Startup + No-Load + Fuel + Variable + VoLL+ new plant Investment + Transmission investment 
2 Objective function: Minimization of cost: Startup + No-Load + Fuel + Variable + VoLL 
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Example for Germany & Benelux 

1 This assumes a firm capacity capability from centre of gravity to centre of gravity that would allow for the dispersion of power along the way implicitly 
covering intra-regional reinforcements  

B2 

C 

A 

B1 

To Poland 
& Baltic  

To Nordic 

To Central 
Europe 

A 

B1 

B2 

C 

Transmission between centers 

of gravity of regions1 

Included in the grid cost, with 
required capacity determined 
based on the grid modeling 

Transmission of offshore wind 
parks to shore  
Included in wind generation capex 

Transmission from shore 

landing point to centre of gravity 
Included in grid cost. Estimated 
using average cost and length. 
Number of links required based on 
installed offshore wind capacity. 

Transmission within region 

Not explicitly modeled but largely 
covered through (A) 

Transmission and distribution 
grid reinforcements to end-user  
Not included 

France 

Germany & 
Benelux 

A 

D 

D 

Centre of gravity 

Shore landing point 

Both inter- and intra-regional transmission requirements 

are quantified 

SOURCE: KEMA; team analysis 



142  

Drivers of the back-up generation and transmission requirements  

2 key issues 

1 Hydro is seasonal and therefore may not fully available at peak (e.g., glacial driven hydro is at its peak in spring, not winter) 
2 While maintaining sufficient spinning reserves to meet short-term requirements (so as to not compromise system security) 

SOURCE: Imperial College; KEMA; team analysis 

Shortage of 

dispatchable 

generation 

Surplus or 

deficit of 

overall 
generation 

▪ A shortage of dispatchable 
generation vs. the peak 
demand in each region 
▪ Dispatchable generation is 

everything but Wind, solar 
PV, run-of-river hydro and to 
some degree nuclear1 

▪ Surplus or deficit of generation 
is the capacity of total 
generation capacity vs. peak 
demand in each region 

▪ A shortage will require regions to 
access additional generation by 
– adding capacity in the region  
– or accessing it from outside (with 

logical implications on 
transmission requirements) 

▪ A surplus of overall generation will drive 
transmission build, if dispatchable 
generation cannot be reduced 
sufficiently to allow RES to run2 

▪ A deficit will have the same effect as the 
shortage of dispatchable generation 

Description of the issues Implications 
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The centre of gravity approach covers a significant portion of the 

required intra-regional capacity 

Centre of gravity 

▪  Centre of gravity is a 
geographical centre of 
the region and 
interconnections will be 
made between these 
points 

▪  Cost for these point-
point connection are 
estimates for the actual 
reinforcements required 
through the region 

▪  Total network costs are 
relatively insensitive to 
location of centre of 
gravity 

SOURCE: KEMA; team analysis 

Region X Region Y 

Region Z 

Illustration of “centre of gravity” approach 

1 This approach could apply to any identifiable large new source of generation that are expected to connect far from the existing transmission network 

Transmission from 
region to region – 
in scope 

Transmission within 
region e.g. from load 
centre to end user – 
not fully in scope 

Off-shore wind only1: 
costs to grid connection 
(to the centre) - in scope 
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The approach takes into account the need to reinforce through the 

regions to accommodate offshore wind power 

Typical grid enlargements required Reinforcements required to centre of region 

SOURCE: KEMA; team analysis 

5GW 

5GW capacity  

2GW capacity 

1GW capacity 

Included in the 
cost of the 
offshore wind 
generation 

5GW 5GW 
5GW 

GW determined 

for inter-region 

from modeling 
work 

~ 5GW assumed 

for costing 

purposes 

The further from the ‘landing point’, the less the 
transmission reinforcements need to be 

Cost assumptions do not assume new build for the 
entire length, but a combination of reinforcements 
and new build at an average cost of 500 EUR/
MW/km 
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Integrated 

cost 

Generation cost  

Levelized cost of electricity for new builds, taking into 

account  

Cost to balance demand/supply at any point in time, 

taking into account 

Grid cost analysis 

SOURCE: Team analysis 

The integrated cost of electricity includes generation  

and grid costs 

▪  Capex 
▪  Opex 
▪  Fuel cost 
▪  Lifetime 

▪  Maximum load factor 
▪  CCS infrastructure cost 
▪  Learning rates 

▪  Transmission grid 
investments 

▪  Excluding distribution grid 

▪  Investments in additional 
generating capacity to maintain 
a secure supply of electricity 

▪  Grid operation and balancing 
cost 
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Logic 

▪ Objective: Assess 
levelized cost  
of electricity which are 
necessary to ensure  
an NPV of 0 

▪ Basic assumptions: 

– WACC (real, after 
tax): 7% 

– 25% taxes, no 
subsidies 

Capex  
EUR 

Opex  

EUR 

Produc-

tion  
MWh 

SOURCE: Team analysis 

CoE  
EUR/MWh 

PV (opex) + PV (capex) 

“PV” (production) 
= 

Illustrative example of the computation of the Cost of Electricity 

CONCEPTUAL The cost of electricity (CoE) is based on the present  

value of capex, opex and electricity production 
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Cost components of CoE vary significantly between pathways 

Description Key differences across pathways 

Capex 

▪  Highest capex for the large RES pathway due to 60% higher 
overall capacity installation 

▪  For the large nuclear and CCS pathway, capex are higher 
than in the baseline due to ~70% higher CCS costs 
compared to a conventional coal and gas plant 

▪  Investments needed to build 
power plant (spread over its total 
construction time) 

Grid investments 
(covered by 

KEMA/IC) 

▪  Highest for large RES pathway due to intermittent nature of 
solar and wind technologies 

▪  Lowest for baseline as it is characterized by a higher share 
of non-intermittent generation capacities 

▪  Investments needed for grid 
infrastructure to facilitate power 
transmission and handle 
demand and supply imbalances 

CCS transport 
and storage 

costs  

▪  Highest for large nuclear and CCS pathway due to relatively 
high penetration of CCS 

▪  Costs related to CO2 

–  Capture/compression 
–  Transportation and storage 

infrastructure (e.g., pipelines, 
reservoirs) 

O&M 

▪  Lowest for large RES pathway due to low fuel costs 
▪  In large nuclear and CCS pathway also lower than in the 

baseline, as the penetration of RES is larger than in the 
baseline and low nuclear fuel costs 

▪  Variable and fixed costs needed 
e.g., for maintenance and fuel 
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1 Real, after tax; ~9% nominal; ~12% nominal before tax 
2 Macro model assumes: 2000-2010: 1.21, 2011-2020: 1.29, 2021-2030: 1.31, 2031-2040: 1.36 

SOURCE: Team analysis 

▪  WACC1 

▪  Tax rate  

▪  Total grid losses 

▪  Exchange rate EUR/USD2 

Assumptions 

7% 

25% 

10.5% 

1.3 

Parameter  

General assumptions for cost calculation  

▪  EUR real vs. nominal Real 
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Description 

▪  Societal view, assuming no investment risk 
▪  Implies that investments are safeguarded by governments  

Risk free rate 

Options 

+ 

– 

Regulatory 
support 

▪  Assuming no regulation to absorb investment risks,  
uncertainty and cash flow volatility 

Non-regulated, WACC 
as in free market 

▪  Different discounting rates per technology based on today’s 
market and regulatory conditions, e.g., subsidies, feed-in tariffs 

▪  Assuming level of regulation stays the same 

Current rates, WACC 
varies by industry 

▪  Project specific discount rates, catering for specific project 
regulation 

Hurdle rate 

▪  Strong and similar regulation for RES, nuclear and grid 
▪  Significant risk reduction for RES, nuclear and grid 

Similar regulation 
across production 

technologies 

A non regulated WACC is used for all technologies 

SOURCE: McKinsey corporate finance practice; team analysis 

Used 
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+ 

– 

8-9 

8-9 

8-9 

8-9 

6.5 

8.3 

5.3 

5.3 

6.5 

6.5 

6.5 

6.5 

4.0 

10-15 

10.7-12.0 

10.7-12.0 

10.7-12.0 

10.7-12.0 

8.7 

11.1 

7.1 

7.1 

8.7 

8.7 

8.7 

7.1 

5.3 

13.3-20.0 

▪  Gas/coal + CCS 

▪  Nuclear:  

▪  Solar/wind 

▪  Grid 

▪  Gas/coal  

▪  Nuclear:  

▪  Solar/wind 

▪  Grid 

Technologies 

▪  Gas/coal + CCS 

▪  Nuclear:  

▪  Solar/wind 

▪  Grid 

Non-regulated, 
WACC as in free 

market 

Current rates, 
WACC varies by 

industry 

Similar regulation 
across production 

technologies 

Risk free rate 

Hurdle rate 

Options 

A WACC of 7% is applied  

Discount rate 
(pre tax) 

Discount rate 
(post tax), 

nominal 

Regulatory 
support 

Percent 

SOURCE: McKinsey corporate finance practice; team analysis 

Discount rate 
(post tax), real 

6-7 

6-7 

6-7 

6-7 

4.5 

6.3 

3.3 

3.3 

4.5 

4.5 

4.5 

4.5 

2.0 

8-13 

Used 
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Contents of the power supply deep dive chapter 

Input assumptions of the power pathways 

Technical description by pathway in 2050 

Implications on the economics 

Sensitivities 

Energy security outputs 

Power baseline and decarbonization pathways 

Power supply in all pathways 

5 

C 

Power mix by pathway and by region 

Cost of fuel assumptions 

Grid input assumptions 

Calculation methodology for Generation and Grid 
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Starting point for determining the generation mix in 2050 

SOURCE: Team analysis 

▪  The 2050 production share is not a projection, it is a plausible 

input 

▪  A wide set of technologies is applied instead of betting on a few 
technologies. A similar share of wind and solar is applied, even 
though the cost for solar may remain higher than wind 

▪  Back-up supply is assumed to be open cycle gas plants without 
CCS. Turbines running on biomass or hydrogen are not yet assumed 

▪  The minimum capacity for each renewable technology is set by 
existing capacities  

▪  Maximum potential capacity is derived from workshops with 
industry experts 

▪  Early retirement of plants is excluded; all plants retired at end of 
assumed lifetime (e.g., coal plants retired after 40 years)1 

1 See chapter 3B for assumed lifetime of plants 
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Approach to allocate technologies in each of the pathways 

1 Percentage Points 

▪  Take baseline as starting point, which includes 34% RES penetration in 2050 (maximum  
of hydro potential, strong rollout of biomass) 

▪  Move to 40% pathway by (i) adding solar PV (3 PP1), solar CSP (2 PP), and geothermal  
(1 PP); (ii) replacing 13% of coal and gas by nuclear; and (iii) installing CCS for remaining 
coal and gas, resulting in mix of 40% RES, 30% nuclear, 30% coal and gas 

▪  Move to 60% pathway from the 40% pathway by 

–  Reducing nuclear by 10 PP 

–  Reducing coal/gas CCS by 10 PP equally 

–  Increasing wind and solar production by 20 PP 

▫  Go to max CSP (+2 PP) potential and strongly grow PV by 8 PP 

▫  Increase wind onshore (2 PP) and strongly increase wind offshore by 8 PP to reach 
even split between wind onshore/offshore 

▪  Move to 80% pathway by 

–  Reducing nuclear by 10 PP 

–  Reducing coal/gas CCS by 10 PP equally 

–  Increasing wind/solar and biomass production by 20 PP 

▫  Increase biomass production by 4 PP (higher fuel cost or breakthrough) 

▫  Increase wind onshore/offshore equally by 9 PP 

▫  Increase PV by 7 PP 

SOURCE: Team analysis 
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Wind and solar are applied in comparable volumes 

▪  Using both wind and solar make the pathways more 
technology agnostic 

▪  Although wind is more economic in the next decade, 
solar may see higher learning rates 

▪  Both intraday as inter-seasonal wind and solar 
generation is negatively correlated, making the 
combination more optimal for balancing 

Wind Solar 

SOURCE: Team analysis 
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0 3 2 0 5 0 10 15 15 19 5 12 2 12 

0 7 3 0 10 0 20 11 10 12 5 8 2 12 

0 7 3 0 10 0 20 11 10 12 5 8 2 12 

21 0 0 28 0 0 17 9 2 1 1 8 1 12 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Baseline: 
34% RES 
49% coal/gas 
17% nuclear 

Coal 

Coal 

CCS 

Coal 

CCS 

retrofit 1 Gas 

Gas 

CCS 

Gas 

CCS 

retrofit 
Nu- 

clear 

On- 

shore 

Off- 

shore PV CSP 

Bio- 

mass 

Geo- 

thermal 

Large 

Hydro 

Wind Solar 

A balanced mix of production technologies is assumed 

In percentage of production 
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0 3 2 0 5 0 10 15 15 19 5 12 2 12 

0 7 3 0 10 0 20 11 10 12 5 8 2 12 

0 7 3 0 10 0 20 11 10 12 5 8 2 12 

21 0 0 28 0 0 17 9 2 1 1 8 1 12 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Baseline: 
34% RES 
49% coal/gas 
17% nuclear 

Coal 

Coal 

CCS 

Coal 

CCS 

retrofit 1 Gas 

Gas 

CCS 

Gas 

CCS 

retrofit 
Nu- 

clear 

On- 

shore 

Off- 

shore PV CSP 

Bio- 

mass 

Geo- 

thermal 

Large 

Hydro 

Wind Solar 

A balanced mix of production technologies is assumed 

In percentage of production 

0 0 0 0 0 0 0 15 15 19 202 12 73 12 
100% RES  
0% CCS 
0% nuclear 

1 Only on “CCS ready” plants   2 5% from Europe and 15% from North Africa   3 2% traditional, 5% enhanced 

SOURCE: Team analysis 
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GW installed in 2050 

1 Includes nuclear, hydro, biomass, geothermal, solar CSP 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Baseline: 
34% RES 
49% coal/gas 
17% nuclear 

80 815 245 190 420 270 

155 555 165 130 455 240 

240 195 140 25 490 190 

410 35 140 25 380 120 

Fossil fuels Solar PV Wind onshore Wind offshore Other1 Back-up plants 

Significant capacities are required in solar, wind and back up plants 
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GW installed in 2050 

1 Includes nuclear, hydro, biomass, geothermal, solar CSP 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Baseline: 
34% RES 
49% coal/gas 
17% nuclear 

80 815 245 190 420 270 

155 555 165 130 455 240 

240 195 140 25 490 190 

410 35 140 25 380 120 

Fossil fuels Solar PV Wind onshore Wind offshore Other1 Back-up plants 

Significant capacities are required in solar, wind and back up plants 

100% RES  
0% CCS 
0% nuclear 

0 815 245 190 540 215 
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Resulting production mix in 2050 across baseline and pathways 

Solar CSP 

Biomass dedicated 

Geothermal 

Large Hydro 

100 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 

Coal CCS (incl. retrofits) 

Gas and oil conventional 

Coal Conventional 

80% RES / 10% 
nuclear / 10% CCS 

100 

2 

5 

18 

16 

16 

10 

5 

5 
0 

60% RES / 20% 
nuclear / 20% CCS 

100 

2 

5 

12 

10 

10 

20 

10 

10 

0 0 

40% RES / 30% 
nuclear / 30% CCS 

100 

2 

3 

4 
2 

9 

30 

15 

15 

0 0 

Baseline 

0 

1 
2 

9 

18 

0 0 

SOURCE: Imperial College; KEMA analysis; team analysis 

In percentage of production 
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Resulting capacity mix in 2050 across baseline and pathways 

Large Hydro 

Geothermal 

Biomass dedicated 

Solar CSP 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 

Coal CCS (incl. retrofits) 

Additional back-up 

Gas and oil conventional 

Coal Conventional 

60 

815 

190 

245 

60 
45 

35 

0 0 

1,700 

80% RES / 10% 
nuclear / 10% CCS 

2,020 

60% RES / 20% 
nuclear / 20% CCS 

10 

1,110 

10 

60 

555 

130 

165 

125 

90 

65 

0 0 

40% RES / 30% 
nuclear / 30% CCS 

1,260 

10 

35 

195 

25 

140 

185 

140 

100 

0 0 

Baseline 

35 
25 

140 

110 
0 

+53% 

GW, including back-up plants, 20%DR 

SOURCE: Team analysis 
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Resulting capacity mix in 2050 across baseline and pathways 

Geothermal 

Wind Onshore 

Nuclear 

Gas CCS 

Coal CCS (incl. retrofits) 

Additional back-up 

Gas and oil conventional 

Coal Conventional 

80% RES / 10% 
nuclear / 10% CCS 

100 

12 

3 
2 

2 

13 

0 0 

60% RES / 20% 
nuclear / 20% CCS 

100 

1 
0 

33 

8 

10 

7 

5 

4 

14 

0 0 

40% RES / 30% 
nuclear / 30% CCS 

100 

1 

15 

2 

11 

15 

11 

8 

13 

0 0 

Baseline 

Large Hydro 

40 

9 

0 

0 
3 

2 

13 

100 

0 0 

11 

Wind Offshore 

Solar PV 

Solar CSP 

Biomass dedicated 

10 

SOURCE: Imperial College; KEMA analysis; team analysis 

In percentage of capacity, 20%DR 



163  

Resulting capacity mix over time in the baseline 

130 

Large Hydro 

767 

0 0 

Geothermal 

Biomass dedicated 

Solar CSP 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 

Coal CCS (incl. retrofits) 

Additional back-up 

Gas conventional 

Coal Conventional 

2050 

1,111 

3 

7 
35 

25 

141 

107 

0 0 

2040 

1,007 

2 

6 
26 

24 

124 

98 

0 0 

2030 

967 

2 

1 24 
23 

129 

101 

0 

2020 

889 

2 

15 9 

130 

116 

0 

2010 

13 10 

66 

+45% 

GW, including back-up plants, 20%DR 

SOURCE: Imperial College; KEMA analysis; team analysis 
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Resulting capacity mix over time in the 40% pathway 

Geothermal 

Biomass dedicated 

Solar CSP 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 

1,261 

24 

140 

170 

98 

79 

Gas and oil conventional 

Coal Conventional 

11 

2030 

1,057 
Coal CCS (incl. retrofits) 

Additional back-up 

4 9 

12 

102 

22 

185 

140 

Large Hydro 

151 

49 

1,132 

51 

2020 

880 

36 

2 

99 

7 
16 9 

130 

125 

0 

2010 

195 

24 

13 10 
66 

130 

0 0 
155 

143 

2050 

0 

2040 

25 

144 

767 

0 

+64% 

GW, including back-up plants, 20%DR 

SOURCE: Imperial College; KEMA analysis; team analysis 
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Resulting capacity mix over time in the 60% pathway 

767 

Large Hydro 

Geothermal 

Biomass dedicated 

Solar CSP 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 

166 

123 

93 

66 

0 0 

2040 

1,497 

2050 

1,700 

Gas and oil conventional 

Coal Conventional 

Coal CCS (incl. retrofits) 

Additional back-up 

7 

38 

457 

124 

158 

125 

59 

52 

97 

32 

2020 

966 

2 39 

73 

32 

143 

165 

120 

115 

37 

0 

2010 

13 10 
66 

130 

0 0 

4 

20 

231 

28 

1,251 

27 11 

2030 

554 

129 

59 

9 

+122% 

GW, including back-up plants, 20%DR 

SOURCE: Imperial College; KEMA analysis; team analysis 
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Resulting capacity mix over time in the 80% pathway 

Solar PV 

Wind Offshore 

Wind Onshore 

Nuclear 

Gas CCS 
33 

0 0 

2040 

1,741 

2050 

2,022 

7 

Gas and oil conventional 

Coal Conventional 

Coal CCS (incl. retrofits) 

Additional back-up 

38 

652 

184 

216 

82 
29 

25 

10 11 

2030 

59 

247 

18 

143 

190 

4 

94 
14 

32 

2020 

1,027 

2 42 

119 20 

56 

152 

115 
0 

341 

10 
66 

130 

0 0 

1,393 

61 
47 

2010 

816 

192 

9 

767 

Large Hydro 

Geothermal 

Biomass dedicated 

Solar CSP 

+164% 

GW, including back-up plants , 20%DR 

SOURCE: Imperial College; KEMA analysis; team analysis 



167  

Overall 2050 EU allocation of technologies based on pathways; Regional allocation as follows1: 

▪  Nuclear production: 40% allocated to France, the rest by region based on share of 2010 
production 

▪  Coal/gas with CCS split by region (except France) based on their share of 2010 production 

▪  Hydro potential is split based on country-level Eurostat (EU-27 plus Switzerland and Norway) 

▪  Geothermal: Allocation of geothermal capacity based on potential with the following shares: 
Benelux & Germany – 5%; UK and Ireland – 0%; Nordic – 0%; Iberia – 15%; South East 
Europe – 30%; France – 30%; Italy & Malta– 20%; Poland and Baltic – 0%; Central Europe – 
0% 

▪  Biomass is split taking production and capacity share into account  
This results in the following regional split assumptions: Benelux+Ger: 20%, UK + Ireland: 
10%; Nordic: 4%; Iberia: 11%; SEE: 13%; France: 15%; Italy+Malta: 12%; Poland and Baltic: 
8%; Central Europe: 7% 

▪  Solar CSP is allocated 100% to Iberia 

▪  Wind offshore is allocated to regions based on latest published country potential in offshore 
wind leading to the following regional split: Benelux & Germany – 35%; UK and Ireland – 30%; 
Nordic – 20%; France – 10%; Poland and Baltic – 5% 

▪  Solar PV and Wind onshore see next page 

SOURCE: Team analysis; McKinsey Power Generation Model  

Assumptions for allocating capacities to regions (1/2) 

1 Allocation of technologies to regions is not a prediction; Regional choices can be optimized based on economics, political decisions, public involvement,… 
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Solar PV is 
allocated1 based 
on regional 
ranking 

▪  UK and Ireland 
▪  Iberia 

▪  Nordic 

▪  Benelux& Ger 

▪  France 
▪  Italy & Malta  
▪  Central Europe 
▪  Poland/Baltic 

▪  South East EU 

1 
2 
3 
4 
4 
6 
7 
8 
9 

Wind onshore 
is allocated1 
based on 
regional ranking 

20% 
17% 
15% 
13% 
13% 
9% 
7% 
4% 
2% 

▪  Italy & Malta 
▪  Iberia 

▪  France 

▪  Central Europe 
▪  Benelux& Ger 
▪  South East EU  
▪  Poland/Baltic 
▪  UK and Ireland 

▪  Nordic 

1 
1 
3 
4 
5 
6 
7 
7 
9 

20% 
20% 
15% 
13% 
11% 
9% 
4% 
4% 
2% 

Principles for allocating capacities per region (2/2) 

▪  Each region is assigned 
points in reverse order 
of their ranks 

▪  Regional split is done 
using the ratios of these 
points for Wind onshore 
and Solar PV  
(e.g. for South Europe 
PV allocate 9/46 * total 
PV production) 

1 Allocation of technologies to regions is not a prediction; Regional choices can be optimized based on economics, political decisions, public involvement,… 
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Renewable technologies are allocated to regions  

based on the natural occurrence of the renewable source 

SOURCE: Team analysis 

Production (TWh per year), 2050 

60% RES PATHWAY 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

175 
90 

250 

15 
130 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

10 
70 
45 

55 
120 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

45 
55 
65 

120 
125 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

45 
45 
5 

25 
100 

Benelux & Germany 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

245 
130 
30 

70 
340 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

35 
80 

105 

80 
110 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

250 
70 
10 

25 
140 

Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

90 
60 
60 

365 
130 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

115 
375 
100 

95 
180 
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Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

Capacity by region in the 60% pathway 

SOURCE: Team analysis 

Capacity, GW, Each symbol represents ~10 GW 

Wind Onshore 

Wind Offshore Solar  

Hydro power + 
geothermal 

Nuclear CCS and biomass 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

11 
9 

38 

93 
18 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

14 
7 

21 

82 
19 

29 
7 

25 

140 
20 

Benelux & Germany 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

67 
17 
15 

77 
53 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

51 
12 
58 

16 
21 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

71 
9 
6 

31 
22 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

13 
6 
5 

31 
15 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

4 
7 

15 

52 
19 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

35 
48 
29 

91 
28 
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Percentage of total regional production, 2050 

Shares of intermittent RES in total production by  

regions in 2050 in the 60% RES pathway 

60% RES PATHWAY 

France 
Wind 
Solar PV  
Solar CSP 

14 
11 
0 

Italy & Malta 
Wind 
Solar PV  
Solar CSP 

11 
30 

0 

Poland and Baltic 
Wind 
Solar PV  
Solar CSP 

21 
12 

0 

Central Europe 
Wind 
Solar PV  
Solar CSP 

8 
20 

0 

South East Europe 
Wind 
Solar PV  
Solar CSP 

4 
18 

0 

Iberia 
Wind 
Solar PV  
Solar CSP 

13 
17 
32 

Benelux & Germany 
Wind 
Solar PV  
Solar CSP 

30 
8 
0 

Nordic 
Wind 
Solar PV  
Solar CSP 

27 
2 
0 

UK and Ireland 
Wind 
Solar PV  
Solar CSP 

51 
5 
0 
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60% RES PATHWAY 

EU-27 plus Norway and Switzerland power supply  

TWh, 2050 

RES 

Non-

intermittent 

Intermittent 

Fossil  

Nuclear   

Type of generation Generation technologies 

Power generation technologies  Regions  

UK & 

Ireland Nordic Iberia 

South 

East EU France 

Italy & 

Malta 

Poland 

& Baltic 

Central 

Europe 

Benelux 

& Ger Total  

Gas CCS retrofit 0 0 0 0 0 0 0 0 0 0 

Nuclear 131 69 92 59 71 377 53 47 79 978 

Biomass dedicated            80 41 17 43 50 60 46 32 27 396 

Geothermal 4 0 0 11 22 22 15 0 0 75 

Large Hydro 28 8 248 46 24 77 50 6 104 591 

Solar CSP 0 0 0 245 0 0 0 0 0 245 

Oil  0 0 0 0 0 0 0 0 0 0 

Coal conventional 0 0 0 0 0 0 0 0 0 0 

Wind offshore 178 152 102 20 0 51 0 25 0 508 

Solar PV 68 27 14 122 54 95 122 27 81 611 

Wind onshore 66 99 77 88 11 66 44 22 33 508 

Coal CCS 67 35 41 30 26 42 27 24 29 321 

Coal CCS retrofit 95 10 11 9 6 13 8 5 11 168 

Gas conventional 0 0 0 0 0 0 0 0 0 0 

Gas CCS 102 54 62 46 39 64 42 36 44 489 

Total 819 496 663 700 304 868 408 225 409 4,891 

Example of how technologies are allocated  

to regions for the 60% pathway 

SOURCE: Team analysis; McKinsey Power Generation Model  
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Renewable technologies are allocated to regions  

based on the natural occurrence of the renewable source 

SOURCE: Team analysis 

Production (TWh per year), 2050 

40% RES PATHWAY 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

85 
125 
250 

5 
180 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

10 
90 
45 

20 
150 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

40 
105 
65 

40 
190 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

25 
60 
5 

10 
115 

Benelux & Germany 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

90 
205 
30 

25 
450 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

30 
100 
105 

30 
140 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

115 
105 
10 

10 
195 

Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

75 
105 
60 

190 
195 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

65 
570 
100 

35 
250 
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Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

Capacity by region in the 40% pathway 

SOURCE: Team analysis 

Capacity, GW, Each symbol represents ~10 GW 

Wind Onshore 

Wind Offshore Solar  

Hydro power + 
geothermal 

Nuclear CCS and biomass 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

9 
9 

38 

93 
18 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

12 
13 
21 

29 
31 

25 
13 
25 

64 
31 

Benelux & Germany 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

28 
26 
15 

27 
69 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

27 
16 
58 

5 
29 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

35 
14 
6 

11 
31 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

7 
8 
5 

11 
19 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

3 
12 
15 

18 
24 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

21 
73 
29 

32 
39 

40% RES PATHWAY 
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Percentage of total regional production, 2050 

Shares of intermittent RES in total production by  

regions in 2050 in the 40% RES pathway 

40% RES PATHWAY 

France 
Wind 
Solar PV  
Solar CSP 

7 
3 
0 

Italy & Malta 
Wind 
Solar PV  
Solar CSP 

9 
10 

0 

Poland and Baltic 
Wind 
Solar PV  
Solar CSP 

11 
4 
0 

Central Europe 
Wind 
Solar PV  
Solar CSP 

7 
7 
0 

South East Europe 
Wind 
Solar PV  
Solar CSP 

3 
6 
0 

Iberia 
Wind 
Solar PV  
Solar CSP 

12 
7 

22 

Benelux & Germany 
Wind 
Solar PV  
Solar CSP 

11 
3 
0 

Nordic 
Wind 
Solar PV  
Solar CSP 

13 
1 
0 

UK and Ireland 
Wind 
Solar PV  
Solar CSP 

27 
2 
0 
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40% RES PATHWAY 

EU-27 plus Norway and Switzerland power supply  

TWh, 2050 

RES 

Non-

intermittent 

Intermittent 

Fossil  

Nuclear   

Type of generation Generation technologies 

Power generation technologies  Regions  

UK & 

Ireland Nordic Iberia 

South 

East EU France 

Italy & 

Malta 

Poland 

& Baltic 

Central 

Europe 

Benelux 

& Ger Total  

Gas CCS retrofit 0 0 0 0 0 0 0 0 0 0 

Nuclear 204 107 123 106 92 572 103 60 100 1,467 

Biomass dedicated            79 40 17 43 49 59 45 32 27 391 

Geothermal 4 0 0 11 22 22 15 0 0 75 

Large Hydro 28 8 248 46 24 77 50 6 104 591 

Solar CSP 0 0 0 147 0 0 0 0 0 147 

Oil  0 0 0 0 0 0 0 0 0 0 

Coal conventional 0 0 0 0 0 0 0 0 0 0 

Wind offshore 34 29 20 10 0 10 0 5 0 98 

Solar PV 24 10 5 43 19 33 43 10 29 215 

Wind onshore 57 86 67 77 10 57 38 19 29 440 

Coal CCS 108 57 59 56 38 69 55 32 41 513 

Coal CCS retrofit 105 16 17 15 9 21 14 8 15 221 

Gas conventional 0 0 0 0 0 0 0 0 0 0 

Gas CCS 154 81 84 80 54 99 78 45 59 734 

Total 797 434 639 623 316 1,020 442 217 403 4,892 

Example of how technologies are allocated  

to regions for the 40% pathway 

SOURCE: Team analysis; McKinsey Power Generation Model  
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Renewable technologies are allocated to regions  

based on the natural occurrence of the renewable source 

SOURCE: Team analysis 

Production (TWh per year), 2050 

80% RES PATHWAY 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

265 
45 

250 

20 
75 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

15 
40 
45 

80 
105 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

65 
30 
65 

180 
110 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

75 
20 
5 

40 
75 

Benelux & Germany 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

365 
60 
30 

100 
280 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

50 
45 

105 

120 
80 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

380 
30 
10 

40 
105 

Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

130 
30 
60 

425 
110 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

175 
180 
100 

140 
145 
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Capacity by region in the 80% pathway 

SOURCE: Team analysis 

Capacity, GW, Each symbol represents ~10 GW 

Wind Onshore 

Wind Offshore Solar  

Hydro power + 
geothermal 

Nuclear CCS and biomass 

Central Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

16 
5 

38 

137 
12 

Italy & Malta 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

22 
4 

21 

121 
17 

Iberia 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

43 
4 

25 

180 
15 

Benelux & Germany 

Wind 
Nuclear 
Hydro power +  
geothermal 
Solar  
CCS and Biomass 

99 
8 

15 

114 
41 

Nordic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

76 
6 

58 

23 
12 

UK and Ireland 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

106 
4 
6 

46 
16 

Poland and Baltic 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

21 
2 
5 

40 
11 

South East Europe 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

5 
5 

15 

76 
16 

France 

Wind 
Nuclear 
Hydro power + 
geothermal 
Solar  
CCS and Biomass 

51 
23 
29 

133 
22 

80% RES PATHWAY 



179  SOURCE: Team analysis 

Percentage of total regional production, 2050 

Shares of intermittent RES in total production by  

regions in 2050 in the 80% RES pathway 

80% RES PATHWAY 

France 
Wind 
Solar PV  
Solar CSP 

23 
19 

0 

Italy & Malta 
Wind 
Solar PV  
Solar CSP 

15 
40 

0 

Poland and Baltic 
Wind 
Solar PV  
Solar CSP 

34 
19 

0 

Central Europe 
Wind 
Solar PV  
Solar CSP 

12 
30 

0 

South East Europe 
Wind 
Solar PV  
Solar CSP 

6 
28 

0 

Iberia 
Wind  
Solar PV  
Solar CSP 

17 
25 
35 

Benelux & Germany 
Wind 
Solar PV  
Solar CSP 

44 
12 

0 

Nordic 
Wind 
Solar PV  
Solar CSP 

41 
3 
0 

UK and Ireland 
Wind 
Solar PV  
Solar CSP 

67 
7 
0 



180  

80% RES PATHWAY 

EU-27 plus Norway and Switzerland power supply  

TWh, 2050 

RES 

Non-

intermittent 

Intermittent 

Fossil  

Nuclear   

Type of generation Generation technologies 

Power generation technologies  Regions  

UK & 

Ireland Nordic Iberia 

South 

East EU France 

Italy & 

Malta 

Poland 

& Baltic 

Central 

Europe 

Benelux 

& Ger Total  

Gas CCS retrofit 0 0 0 0 0 0 0 0 0 0 

Nuclear 61 32 46 32 42 181 31 18 46 489 

Biomass dedicated            118 60 26 64 74 89 68 48 40 587 

Geothermal 4 0 0 11 22 22 15 0 0 75 

Large Hydro 28 8 248 46 24 77 50 6 104 591 

Solar CSP 0 0 0 245 0 0 0 0 0 245 

Oil  0 0 0 0 0 0 0 0 0 0 

Coal conventional 0 0 0 0 0 0 0 0 0 0 

Wind offshore 265 227 152 30 0 76 0 38 0 758 

Solar PV 100 40 20 180 80 140 180 40 120 900 

Wind onshore 99 148 115 132 16 99 66 33 49 758 

Coal CCS 34 18 19 18 12 22 17 10 13 164 

Coal CCS retrofit 75 10 1 0 0 0 0 0 5 81 

Gas conventional 0 0 0 0 0 0 0 0 0 0 

Gas CCS 51 27 28 27 18 33 26 15 20 245 

Total 836 561 654 755 288 739 453 208 397 4,892 

Example of how technologies are allocated  

to regions for the 80% pathway 

SOURCE: Team analysis; McKinsey Power Generation Model  
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Contents of the power supply deep dive chapter 

Input assumptions of the power pathways 

Technical description by pathway in 2050 

Implications on the economics 

Sensitivities 

Energy security outputs 

Power baseline and decarbonization pathways 

Power supply in all pathways 

5 

C 

Power mix by pathway and by region 

Cost of fuel assumptions 

Grid input assumptions 

Calculation methodology for Generation and Grid 
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Contents of the power supply deep dive chapter 

Input assumptions of the power pathways 

Technical description by pathway in 2050 

Implications on the economics 

Sensitivities 

Energy security outputs 

Power baseline and decarbonization pathways 

Power supply in all pathways 

5 

C 

Power mix by pathway and by region 

Cost of fuel assumptions 

Grid input assumptions 

Calculation methodology for Generation and Grid 
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Input data and assumptions to the grid model 

Input data and assumptions Source 

Heat pump, peak assumptions 
and hourly demand per region 
over the year 

▪ 2008 demand data (validated against ENTSO-E), manipulated to 
accommodate increase in demand. Shape manipulated for sensitivity on 
possible changes to a more peaky demand shape. 

Hourly output per intermittent 
technology per region over the year 

▪ Historic supply data, manipulated to represent improvements in technology 
and inflated to deliver energy specified in pathway.  Manipulated to provide 
input to sensitivities e.g. prolonged periods of no/low wind  

Response/reserve ▪ Based on UCTE rules 

Technical characteristics of plants 
(e.g., ramping times) 

▪ Generic characteristics by plant type 

Demand Response potential ▪ Two cases (no DR and moderate DR), based largely on fuel shift 
expectations (i.e., electric heating and vehicles) 

Storage potential and other 
balancing options 

▪ Using existing large hydro storage sources.  CSP assumed to have heat 
storage of ~6hours, DR requires storage to work 

Investment costs  
▪  Network 
▪  Generation 

–  Average cost, based on KEMA experience 
–  EUR 350k per MW for OCGT as balancing plant 

Fuel and variable cost ▪ Based on IEA WEO 2009 and extrapolated to 2050 

SOURCE: Imperial college; KEMA ; team analysis 

A 

B 

C 

D 

E 

F 

G 

H 
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Both energy efficiency and heating affect the load profile, top-

down analysis suggest ~5% increase in peak over historic 

profile 

Review how fuel shifting and energy efficiency influences the 2050 demand profile  

Baseline model used historic profile and assumed fuel shifting and energy efficiency effects were 
evenly distributed across the year 

Challenge to review impact of energy efficiency and fuel shifting in different months of the year 

Allocation of Buildings demand to the winter months and allocation of energy efficiency across 
summer for (AC) and winter (heat and light) reflecting energy usage 

Shape of the cumulative effect of 
energy efficiency across the year 

Additional energy associated with Building 
fuel shift allocated to winter months 

A 
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Bottom up analysis modelling impact of heat pumps and EVs 

suggests that increase in peak could be between 5-27% 

•  Incorporation of transport and heat sectors lead to an increase in national peak 
demand of 18 -31GW 

•  Assuming the 30% energy efficiency applies at peak leads to a reduction of 
15GW in the peak 

Net impact: 
Increase of peak 

(GW) 

Energy 

Efficiency 

Net impact 

(GW) 

Net impact 

(% of peak) 

GSHP  18 -15 3 5%  

ASHP  31 -15 16 27%  

•  ASHP case is the maximum limit and GSHP is the minimum limit for the likely peak power 
increase 

•  Reality would be a mix of ASHP and GSHP so assume mid-range ~15% 

A 



186  

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 

0 20 40 60 80 100 

kWe kWht 

Storage size available (% optimal storage size) 

Qmax = max discharge power(base case) 
            = 3.7 kWt 

thermal storage size 

[kWht] 

Performance with storage 
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Possible to achieve current comfort 
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Electricity powered heating will likely increase peak demand by 

10 to 15% 

14GW 

Adjustment of historic demand curve has been estimated from the impacts suggested from both the 
top-down and bottom-up analysis (fuel shifting and energy efficiency) - French load curve shown as 
an example.  This becomes the base case demand profile 

A 
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77,000 

116,000 

46,000 

1 Seasonal peak defined as 3-month winter demand peak divided by 3-month summer demand peak 

Seasonal peak1: 1.5 

Max to Min ratio: 2.6 

Example: load curve for France, adjusted for increased winter 

peak for heat pumps 

2050, GW 

SOURCE: Imperial college; KEMA ; team analysis 

A 
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Nordic 

80 

60 

120 

100 

0 
48 

105 

UK & 
Ireland 

France 

Iberia 

Italy & 
Malta 

80 

60 

100 

0 

47 

97 

0 
87 

163 

100 

150 

200 

80 

60 

120 

100 

0 
47 

116 

80 

70 

60 

50 

0 
43 

78 

80 

60 

40 

0 
36 

70 

Benelux &  
Germany 

1 Seasonal peak defined as winter demand peak divided by summer demand peak    2 Weekly peak defined as weekday peak divided by weekend 
peak 

Seasonal peak1: 1.5 Seasonal peak1: 1.5 

Seasonal peak1: 1.4 Seasonal peak1: 1.2 

Seasonal peak1: 1.2 Seasonal peak1: 1.0 

Power demand assumptions  

per region (1/2) 

Peak power demand per region in EU-27, 2050, 
GW 

A 

SOURCE: Imperial college; KEMA ; team analysis 
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Poland 
& Baltic 

Central 
Europe 

South 
East 

Europe 

0 
33 

63 

80 

60 

40 

80 

60 

40 
0 

39 

70 

80 

60 

40 
0 

38 

65 

Seasonal peak1: 1.2 

Seasonal peak1: 1.2 

Seasonal peak1: 1.0 

1 Seasonal peak defined as winter demand peak divided by summer demand peak    2 Weekly peak defined as weekday peak divided by weekend 
peak 

Power demand assumptions  

per region (2/2) 

Peak power demand per region in EU-27, 2050, GW, Days 

A 

SOURCE: Imperial college; KEMA ; team analysis 
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Generation output profiles are derived from historical data 

▪  Hourly output profiles for wind and solar (PV) are applied, based on historic 
data scaled up to estimated production in 2050 

▪  Run-of-River type hydro is modelled as must-run generation, considering 
seasonal availability based upon their historical data 

▪  The annual available energy for reservoir type hydro plant is optimally 
dispatched considering the seasonal availabilities and reservoir constraints 
(assuming perfect foresight) 

▪  Simulations are carried out for hourly periods across one year time horizon 

Hourly output 

▪  Reliability standard for adequacy of generation capacity: Loss of Load 
Expectation (LOLE) < 4 hours/year 

▪  Interconnectors are assumed to be fully reliable 
▪  Hydro plant and pump storage are assumed to be fully reliable 
▪  The thermal generating units are assumed to be either fully available or out  

of service in accordance with their long-term plant availability (i.e. 85%) 
▪  Generating units are modelled to operate independently i.e. an outage of one 

generator will not directly affect the operation of the other units in the system 
▪  The plant capacity factors (annual) and their average availabilities are applied 

taking into account the scheduled maintenance and forced outages 

System 

reliability 

B 

SOURCE: Imperial college; KEMA ; team analysis 
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Load duration curve of output per technology in EU-27 in 2050, 60% RES pathway with 20% DR, 
GW, Hours  

Coal 

Gas 

Wind 

Solar 
CSP 

Nuclear 

Solar 
PV 

Supply curves per technology (1/2) B 

SOURCE: Imperial college; KEMA ; team analysis 

60% RES, 20% DR 
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Geo- 
thermal 

Large  
hydro 

Pumped 
storage 

OCGT 

Load duration curve of output per technology in EU-27,60% RES pathway with 20% DR, 2050,  
GW, Hours  

Supply curves per technology (2/2) 

Biomass 

B 

SOURCE: Imperial college; KEMA ; team analysis 

60% RES, 20% DR 
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Definition 

▪  Response provides an instantaneous reaction to a change in load or generation 
(e.g. due to a failure) managing second by second variations 

▪  Definition used in modeling: 3 standard deviations of wind output variations and 2 
standard deviations of Solar (PV) output variations over 15 minutes time horizon 

▪  Reserve will be used when other capacity cannot provide the output as scheduled, e.g. 
due to failure or because the primary energy, e.g. wind, is not available.  Reserve is 
made available ahead of time as it takes ~4 hrs to start up  

▪  Definition used in modeling : 3 standard deviations of wind output variations and 1 
standard deviations of Solar (PV) output variations over 4 hours time horizon 

Assumptions 

▪  Response requirements are managed (provided) within regions 
▪  Non-intermittent response requirements are computed and allocated for different 

regions applying UCTE rules 
▪  Reserve provision can be shared among the interconnected regions 
▪  Both response and reserve have two components that are summed together to 

calculate the capacity required to provide a secure transmission system.  These 
regional requirements are optimised for the whole transmission system. 
–  Non-intermittent generator component, calculated by the historic probability of a 

plant failure 
–  Intermittent generator component, driven by the expected variability of supply 

sources 

C Response & reserve assumptions 

SOURCE: Imperial college; KEMA ; team analysis 
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Technical characteristics of generation plants 

Flex 
merit 

order 

Based on 
available 
energy 

0.60 

0.90 

0.85 

0.87 

Max. 
capacity 

factor 

Unchanged 

Unchanged 

Unchanged 

25% 

20% 

Sensitivity 
analysis: 

reduced ramp 
rates 

% of max output/h 

Generation 
technology 

Min. up 
time 

h 

Min. down 
time 

h 

Ramp up/
down  

% of max 
output/h 

Min. stable 
load 

% of max 
output 

Max. 
response 

% of max 
output 

Coal CCS 4 4 40% 50% 12% 

Gas CCS 6 4 50% 40% 11% 

Nuclear 6 4 40% 50% 0 

Oil 6 4 60% 11% 

Wind 
Based on available energy profile 

10% 

PV  0 

CSP                   4  
4  

40% 12% 

Biomass                   4  
4  

40% 40% 12% 

Geothermal                   4  
4  

40% 12% 

Hydro & 
storage 

Fully flexible plant  
(constrained by available energy & reservoir size limitations) 

SOURCE: KEMA; expert opinions 

3 

2 

4 

5 

1 

D 
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EVs and heat pumps allow significant Demand Response; 

both no and medium DR have been modeled 

SOURCE: Imperial College, KEMA, team analysis 

Energy flexibility1  

(%) 

Capacity flexibility2  

(%) 

Current 

analyses 

Medium, 

20% DR 
20 

All pathways except 
baseline 

High,  

30% DR 
30 NA 

None,  

0% DR 
0 All pathways 

Used in pathways 

1 Percentage of energy demand that can be shifted within one day (%) 
2 Percentage of capacity that can be reduced at any point in time 

Not restricted 

Not restricted 

0 

Additional 

analyses 

50 

0 

Pathways in which 

it is used 

3 levels of Demand Response 

▪  ‘None’ and ‘High’ represent the extremes in the expectations on DR 

▪  ‘Medium’ is designed as realistic if adequate measures are taken.  Flexibility in the 
decarbonized case comes from heat pumps (700 TWh), electric vehicles (740 TWh) and 
other heating and cooling appliances (typically ~40-45% of electricity use in buildings) 

▪  ‘None’ and ‘Medium’ are both modeled in the 60% and 80% pathways 

▪  As less heat pumps and electric vehicles are present in the baseline, only ‘None’ is used 

E 
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DR is at least as important for absorbing production peaks 

as for lowering demand in case of production troughs 

Example of daily demand pattern with and without  

Demand Response 

Hours 

24 22 20 18 16 14 12 10 8 6 4 2 

Demand with DR 

Electricity Demand 

SOURCE: KEMA, Imperial College, Team analysis, McKinsey EPNG Industry Vision 

Demand is decreased when 
supply is insufficient 

Demand is increased when 
supply is high to avoid 
curtailment 

A 

B 

B 

Shift in demand Demand 

GW 

CONCEPTUAL 

A 

Demand Response is not so much about peak 

shaving, but about following the supply curve of 

intermittent renewable energies 

Limits: 
▪  Total volume of power that can 

be shifted is capped at 20% of 
daily demand 

▪  In practice demand is mainly 
decreased at peak up to 50% 

E 
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Example of Demand Response – Heat pumps allow for 

smoothing of energy demand 

UK case study1 

1 Assumes 26 million households in Great Britain convert to heat pumps, that can also be used as cooling devices. Increasing use of air con in south 
east is significantly reducing the difference between winter peak and summer low 

▪  Adding storage and ‘smart’ control systems allows management of heat load.  This allows 
the smoothing of energy demand e.g. to reduce the incremental heat peak from ~106GW 
to ~79GW, ~25% reduction in peak load 

▪  Demand management could be increased in the short-term below the flat line, down to the 
dark blue area that is ‘firm’ demand to minimize system operation costs 

ILLUSTRATIVE 

Without DR With DR (50% of max) 

Total heating demand 

System demand 

SOURCE: Imperial College, KEMA 

E 



199  

Example of DR – Smart charging of electric vehicles makes 

energy demand flexible 

Uncontrolled charging Smart charging 

SOURCE: Imperial College, KEMA 

UK case study1 

▪  Smart’ control systems would allow you to manage EV load, reducing the 
natural incremental EV peak from ~80GW back to within the existing ~60GW, 
~25% reduction in peak load 

▪  Assumed that people continue to drive as they do today. When a car is 
stationary, it will generally be connected to the grid and the battery status and 
intended next journey is known to fully optimize the charging pattern 

1 Assuming 30 million cars in population with10KW battery 

Demand 

Demand with DR 

E 
ILLUSTRATIVE 
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Future of DR – Cumulative effect of EV and Heat, provides 

potential for significant flexibility in power requirements 

Firm load 

Heat 

~50GW 

EV ~20GW  

If this is ‘Smart’ then this 
demand can be 
manipulated between 
hours within the day 

Energy efficiency 
30% average 

At peak 35GW 
(50GW with ~30% efficiency) 

At peak 70GW 
>60% of load 

UK case study 

•  50% limitation DR sensitivity run 

•  Results show only minor impact 

on results 
•  In this UK case study the DR effect 

would be ~50GW 
•  This would be well within the 

flexible ‘smart’ demand 

PRELIMINARY 

E 
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Storage assumptions  

SOURCE: Imperial College, KEMA, team analysis 

▪  Storage efficiency is assumed to be 75% 
▪  CSP (thermal) storage size is assumed to be equivalent to 6 hours of 

full output and associated thermal losses are assumed to be 0.8%/hr 
of energy stored 

Assumptions 

in pathways 

Sensitivity 

analyses 

▪  For sensitivity analysis: CSP storage extended to 15 hrs 
▪  For costing of storage alternatives an average mix was used of  

–  25% Large batteries (NaS) 
–  25% Hydrogen storage and turbine 
–  25% Compressed air storage 
–  25% IGCC for power or hydrogen production  
▪  Other forms of storage are not considered 

–  Access to EV batteries (expensive/elaborate) 
–  Additional large scale pumped hydro (limited geographical options) 

F 
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Technological 

unavailability  

Reduced 

energy source 

availability 

Unplanned shutdowns (plants breakdown) 

Day-night (solar, wind) 

Low wind periods (typically 1-5 days) 

Dark periods (clouds, rain, snow) 

Summer-winter 
seasonality for, e.g., 
solar CSP and PV 

Planned shutdowns 
(maintenance) 

Within 24 hrs More than 1 day 

SOURCE: Team analysis 

Supply variability and reliability issues vary in duration and 

predictability 
F 
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More interconnectivity between regions 

Additional large scale pumped hydro2 

Hydrogen storage and turbine 

Large batteries 

Compressed air storage 

Options that 
affect power 

availability 

Options that 
require 

investments 

Lower cost  
alternatives4 

Lower system security / Controlled brown outs1 

Within 24 hrs More than 1 day Duration 

Demand management 

Access to EV batteries3 

IGCC for power or hydrogen production 

Available flexibility in hydro plants 

SOURCE: Team analysis 

Considered in pathways 

Not used 

Assumed non feasible 

New OCGT plants (using fossil fuels or biogas) 

Extending life of existing thermal plants 

Shift to non-intermittent RES (CSP, geothermal, biomass) 

Options for short term 
regulation (minutes) are not 

included here 

1 In grid modeling same LOLE as today is assumed.  Brown out refers to enforced demand control, i.e. TSO switches users off to save the wider system  
2 Options for additional large scale pumped hydro seem limited  geographically  
3 Extraction from EV batteries is expected to be more expensive/elaborate than other storage options  
4 Lower cost alternatives make use of existing infrastructure or infrastructure which is expected to be built anyway 

Various options are considered to solve reliability issues F 
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Transmission CAPEX for connecting wind farms from the shore 

to the centre of gravity includes some assumed refurbishment 

of existing routes 

SOURCE: KEMA 

1 Including substation cost 
2 For comparison: Tradewinds report shows a transmission mix of 77% AC and 23% DC developments to 2030 

Transmission mix elements1,2 

AC OHL long distance average terrain 
AC OHL tough terrain (short distance) 
AC underground (short distance) urban 
AC subsea (medium distance) 

TOTAL AC 

DC subsea (long distance) 
DC long distance underground cable 
DC long distance OHL 

TOTAL DC 

Share in 

cost mix 

Share of 

cost Average transmission 

cost between centers of 

gravity of  

EUR 500 MW/km 

based on: 

▪  Current price levels 

▪  A mix of AC and DC 

▪  A mix of new and 
refurbishment of 
overhead lines and new 
underground cables 

▪  Substations are included, 
distribution is excluded 

72% 
1% 
5% 
0% 

78% 

0% 
2% 

20% 

22% 

42% 
3% 

28% 
0% 

0% 
6% 

20% 

G 

Transmission cost for element B 

1 Including substation cost 
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Regional transmission has been calculated assuming ~27% DC  

and ~73% AC  

SOURCE: KEMA 

1 Including substation cost 

Transmission mix elements1 

AC OHL long distance average terrain 
AC OHL tough terrain (short distance) 
AC underground (short distance) urban 
AC subsea (medium distance) 

TOTAL AC 

DC subsea (long distance) 
DC long distance underground cable 
DC long distance OHL 

TOTAL DC 

Share in 

cost mix 

Share of 

cost Average transmission 

cost between centers of 

gravity of  

EUR 1,000 MW/km 

based on: 

▪  Current price levels 

▪  A mix of AC and DC 

▪  A mix of overhead lines 
and underground cables 

▪  Substations are included, 
distribution is excluded 

56% 
6% 

10% 
1% 

73% 

5% 
4% 

18% 

27% 

25% 
9% 

27% 
5% 

20% 
6% 
9% 

G 

Transmission cost for element C 
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Regional transmission has been calculated, having a greater 

reliance on underground cable adds 50% to the costs 

SOURCE: KEMA 

1 Including substation cost 

Transmission mix elements1 

AC OHL long distance average terrain 
AC OHL tough terrain (short distance) 
AC underground (short distance) urban 
AC subsea (medium distance) 

TOTAL AC 

DC subsea (long distance) 
DC long distance underground cable 
DC long distance OHL 

TOTAL DC 

Share in 

cost mix 

Share of 

cost Average transmission 

cost between centers of 

gravity of  

EUR 1,500 MW/km 

based on: 

▪  Current price levels 

▪  A mix of AC and DC 

▪  A mix of overhead lines 
and underground cables 

▪  Substations are included, 
distribution is excluded 

22% 
5% 

22% 
1% 

50% 

6% 
22% 
22% 

50% 

7% 
5% 

41% 
3% 

16% 
22% 

7% 

G 

Cost sensitivity for Part C with high underground cable cost mix, 50/50 DC 
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Regional transmission has been calculated, having a greater 

reliance on underground cable adds 60% to the costs 

SOURCE: KEMA 

1 Including substation cost 
2 For comparison: Tradewinds report shows a transmission mix of 77% AC and 23% DC developments to 2030 

Transmission mix elements1 

AC OHL long distance average terrain 
AC OHL tough terrain (short distance) 
AC underground (short distance) urban 
AC subsea (medium distance) 

TOTAL AC 

DC subsea (long distance) 
DC long distance underground cable 
DC long distance OHL 

TOTAL DC 

Share in 

cost mix 

Share of 

cost Average transmission 

cost between centers of 

gravity of  

EUR 1,600 MW/km 

based on: 

▪  Current price levels 

▪  A mix of AC and DC 

▪  A mix of overhead lines 
and underground cables 

▪  Substations are included, 
distribution is excluded 

33% 
6% 

33% 
1% 

73% 

5% 
11% 
11% 

27% 

9% 
6% 

57% 
3% 

12% 
10% 

3% 

G 

Cost sensitivity for Part C with high underground cable cost mix 

1 Including substation cost 
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Generation costs are calculated using detailed costs  

for each technology  

Gas conventional 

Coal CCS 

Coal conventional 

Gas CCS 

Technology 

Geothermal  

Biomass 

OCGT 

No-load cost  

EUR/hr in service 

Fuel & variable 

operating cost  

EUR/MWh 
Startup cost 

EUR/startup 

Nuclear 

5,395 

1,831 

1,642 

6,018 

0 

2,682 

0 

523 

68 

30 

26 

76 

0 

54 

130 

8 

10,000 

31,000 

28,000 

11,000 

0 

52,000 

0 

0 

Note: Value of Lost Load , VoLL: EUR 50,000 MWh , Cost of OCGT investment EUR 350,000/MW 

SOURCE: KEMA 

H 
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Contents of the power supply deep dive chapter 

Calculation methodology for Generation and Grid 

Input assumptions of the power pathways 

Technical description by pathway in 2050 

Implications on the economics 

Sensitivities 

Energy security outputs 

Power baseline and decarbonization pathways 

Power supply in all pathways 

5 

C 
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1 Supply of 4800 TWh, technology split by PRIMES, forecast updated with IEA WEO 2009 and Oxford economics; RES share (32% for 2020, 34% for 2030) 
2 Additional back-up capacity to meet peak demand, in modeling assumed to be OCGT, but can be any equivalent. 20% DR case shown. 

Baseline1 

80% RES  
10% CCS 
10% nuclear 

60% RES 
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

10 

30 

20 

0 

49 17 

1,280 

185 

235 
190 

1,700 

120 

160 
1,180 240 

2,020 

60 

80 
1,610 

1,110 
410 

110 
120 

+60% 

Production mix and capacity requirements per pathway 

Production – incl. fuel shift 

Percent, 2050, 100% = 4900 TWh 
Capacity  

GW, 2050 

CCS RES Nuclear Additional  
back-up capacity2  

Pathways 

Fossil fuels 
without CCS  
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1 Supply of 4800 TWh, technology split by PRIMES, forecast updated with WEO 2009 and Oxford economics; RES share (32% for 2020, 34% for 2030) 
2 Additional back-up capacity to meet peak demand, in modeling assumed to be OCGT, but can be any equivalent. 20% DR case shown assumed. 

Baseline1 

80% RES  
10% CCS 
10% nuclear 

60% RES 
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

30 

20 

10 

0 

0 

49 17 

1,280 

185 

235 
190 

1,700 

120 

160 
1,180 240 

2,020 

60 

80 
1,610 

2,005 1,790 215 

1,110 
410 

110 
120 

+60% 

Production mix and capacity requirements per pathway 

Production – incl. fuel shift 

Percent, 2050, 100% = 4900 TWh 
Capacity  

GW, 2050 

CCS RES Nuclear 

SOURCE: Team analysis 

Additional  
back-up capacity2  

Pathways 

Fossil fuels 
without CCS  

100% RES  
0% CCS 
0% nuclear 
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Summary of grid modeling results 

SOURCE: KEMA; Imperial College; McKinsey 

Incorporating large shares of renewables in the grid is technically feasible 

▪  Significant network reinforcement is required, between 170 and 270 GW in total  
▪  ~15-25% additional back-up capacity needed to balance grid (OCGT or equivalent) 
▪  Curtailment of renewable is limited: 1-3% necessary to balance grid 

Today’s level of interconnection and sharing must be increased considerably to 

capture the benefits 
▪  Significant diversity in demand across EU   
▪  Significant diversity of wind output across EU  
▪  Negative seasonal correlation between solar and wind  
▪  Sharing of reserves across EU regions 
▪  Self reliance within the EU-27 will remain high. 8 out of 9 regions under all scenarios can 

generate more than 80% of their annual energy from sources within the region if needed, 
making full use of back-up capacity 

Demand Response can substantially reduce grid and back-up requirements 

▪  20% DR reduces additional grid investments by 15-25%, investments in additional 
generation by 25-30% and curtailment by 35-40% 

▪  Additional storage could further reduce grid requirements (only existing storage is used in 
modeling) 
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40% RES  
30% CCS 
30% nuclear 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

0% 

20% 

Transmission & generation capacity requirements 

Pathways DR Transmission Back-up and balancing  

1 In percentage of total renewable energy production 

RES 

curtailment1 

% 

3 

2 

2 

1 

2 

2 

Baseline 0% 

Requirements on top of the baseline 

2050, GW 

Transmission flows and back-up generation capacity requirements 

SOURCE: KEMA; Imperial College; McKinsey 
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40% RES  
30% CCS 
30% nuclear 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

0% 

20% 

Transmission & generation capacity requirements 

Pathways DR Transmission Back-up and balancing  

1 In percentage of total renewable energy production 

RES 

curtailment1 

% 

3 

2 

2 

1 

2 

2 

Baseline 0% 

Requirements on top of the baseline 

2050, GW 

On top of the baseline, up to 165 GW of interregional transmission 

and up to 255 GW of back-up capacity could be required 

100% RES  
0% CCS 
0% nuclear 

0% 

20% 

5 

2 
Excluding 
NA-EU link 
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Optimizing transmission capacity substantially reduces required 

investments 

SOURCE: Imperial College, KEMA, team analysis 

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

60,000 

40,000 

20,000 

0 

-20,000 

-40,000 
Duration 
Hours 

Not 
optimized 

(“Copper 
plate”) 

Optimized 

Import UK & Ireland - France 

Export UK & Ireland - France 

-60,000 

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

60,000 

40,000 

20,000 

0 

-20,000 

-40,000 
Duration 
Hours -60,000 

60% RES 

▪  The model starts 
with a copperplate: 
every flow 
between regions is 
accommodated, 
leading to very 
high flows for a 
limited number of 
hours 

Example of flow duration curves, Power flows, MW 

▪  By optimizing the 
lowest cost option, 
trading of 
additional 
transmission and 
generation and 
annual operating 
cost, is achieved 
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80% RES: Transmission requirements are  

significant, even after thorough optimization 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

5GW 

11GW 29GW 

53GW 

6GW 

5GW 

12GW 

7GW 

21GW 

14GW 

11GW 

9GW 

Centre of gravity 

SOURCE: Imperial College; KEMA 

Interconnection 

Capacity addi-

tional (existing) 

[GW] 
Annual utilization 

[%] 

UK&Ireland-France 19 (2) 57 

UK&Ireland-Nordic 9 (0) 74 

UK&Ireland-Benelux&Germany 5 (0) 61 

France-Iberia 52 (1) 61 

France-Benelux&Germany 23 (6) 54 

France-Central-Europe 11 (3) 70 

France-Italy&Malta 6 (3) 77 

Nordic-Benelux&Germany 0 (3) 67 

Nordic-Poland&Baltic 5 (1) 62 

Benelux&Germany-Central-EU 7 (4) 56 

Benelux&Germany-Poland&Baltic 13 (1) 72 

Central-Europe-Poland&Baltic 0 (2) 52 

Central-South East EU 5 (2) 62 

Central-Europe-Italy 0 (5) 47 

South East EU-Italy 11 (1) 57 

Total 166 (34) 

80% RES, 0% DR 

9GW 

2GW 

3GW 

Total net transfer capacity requirements  

GW (existing + additional) 
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80% RES: DR reduces transmission requirements  

with 24% 

SOURCE: Imperial College; KEMA 

80% RES, 20% DR 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

5GW 

11GW 20GW 

47GW 

4GW 

9GW 

9GW 

12GW 

13GW 

15GW 

4GW 

74 8 (1) South East EU-Italy&Malta 

127 (34) Total 

0 (5) 

7 (2) 

0 (2) 

12 (1) 

7 (4) 

3 (1) 

0 (3) 

0 (3) 

12 (3) 

14 (6) 

46 (1) 

5 (0) 

4 (0) 

10 (2) 

Capacity addi-

tional (existing) 

[GW] 

69 Central-Europe-Italy&Malta 

85 Nordic-Benelux&Germany 

92 France-Italy&Malta 

89 France-Central-Europe 

77 France-Benelux&Germany 

74 France-Iberia 

81 UK&Ireland-Benelux&Germany 

76 Central-South East EU 

72 Central-Europe-Poland&Baltic 

82 Benelux&Germany-Poland&Baltic 

68 Benelux&Germany-Central-EU 

72 Nordic-Poland&Baltic 

90 UK&Ireland-Nordic 

78 UK&Ireland-France 

Annual utilization 

[%] Interconnection 

3GW 

3GW 5GW 

2GW 

Centre of gravity 

Total net transfer capacity requirements  

GW (existing + additional) 
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60% RES: Transmission requirements are  

significant, even after thorough optimization 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

4GW 

21GW 

41GW 

5GW 

10GW 

4GW 

19GW 

10GW 

10GW 

SOURCE: Imperial College; KEMA 

Interconnection 

Capacity addi-

tional (existing) 

[GW] 
Annual utilization 

[%] 

UK&Ireland-France 12 (2) 67 

UK&Ireland-Nordic 0 (0) 0 

UK&Ireland-Benelux&Germany 4 (0) 70 

France-Iberia 40 (1) 69 

France-Benelux&Germany 15 (6) 76 

France-Central-Europe 7 (3) 94 

France-Italy&Malta 0 (3) 93 

Nordic-Benelux&Germany 0 (3) 81 

Nordic-Poland&Baltic 4 (1) 69 

Benelux&Germany-Central-EU 0 (4) 82 

Benelux&Germany-Poland&Baltic 9 (1) 85 

Central-Europe-Poland &Baltic 0 (2) 73 

Central-South East EU 2 (2) 88 

Central-Europe-Italy 0 (5) 59 

South East EU-Italy 9 (1) 75 

Total 103 (34) 

60% RES, 0% DR 

3GW 

2GW 

3GW 

4GW 

Centre of gravity 

Total net transfer capacity requirements  

GW (existing + additional) 
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60% RES: A three fold increase of the transmission 

network is required if 20% DR is assumed 

SOURCE: Imperial College; KEMA 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

3GW 

20GW 

33GW 

3GW 

5GW 

3GW 

10GW 

10GW 

10GW 

79 9 (1) South East EU-Italy 

87 (34) Total 

0 (5) 

1 (2) 

0 (2) 

9 (1) 

0 (4) 

4 (1) 

0 (3) 

0 (3) 

7 (3) 

14 (6) 

32 (1) 

3 (0) 

0 (0) 

8 (2) 

Capacity addi-

tional (existing) 

[GW] 

58 Central-Europe-Italy 

75 Nordic-Benelux&Germany 

92 France-Italy&Malta 

93 France-Central-Europe 

78 France-Benelux&Germany 

83 France-Iberia 

83 UK&Ireland-Benelux&Germany 

80 Central-South East EU 

77 Central-Europe-Poland &Baltic 

81 Benelux&Germany-Poland&Baltic 

74 Benelux&Germany-Central-EU 

60 Nordic-Poland&Baltic 

0 UK&Ireland-Nordic 

75 UK&Ireland-France 

Annual utilization 

[%] Interconnection 

60% RES, 20% DR 

5GW 

10GW 

2GW 

3GW 

4GW 

Centre of gravity 

Total net transfer capacity requirements  

GW (existing + additional) 
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40% RES: Transmission requirements are  

substantial, even after thorough optimization 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

17GW 

17GW 

5GW 

7GW 

14GW 

5GW 

5GW 

SOURCE: Imperial College; KEMA 

Interconnection 

Capacity addi-

tional (existing) 

[GW] 
Annual utilization 

[%] 

UK&Ireland-France 12 (2) 80 

UK&Ireland-Nordic 0 (0) 0 

UK&Ireland-Benelux&Germany 0 (0) 0 

France-Iberia 16 (1) 80 

France-Benelux&Germany 11 (6) 94 

France-Central-Europe 2 (3) 98 

France-Italy&Malta 0 (3) 92 

Nordic-Benelux&Germany 0 (3) 65 

Nordic-Poland&Baltic 4 (1) 72 

Benelux&Germany-Central-EU 0 (4) 45 

Benelux&Germany-Poland&Baltic 4 (1) 79 

Central-Europe-Poland &Baltic 0 (2) 73 

Central-South East EU 0 (2) 53 

Central-Europe-Italy 0 (5) 31 

South East EU-Italy 6 (1) 81 

Total 56 (34) 

40% RES, 0% DR 

3GW 

2GW 

5GW 

3GW 

Centre of gravity 

Total net transfer capacity requirements  

GW (existing + additional) 
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40% RES: DR has only limited effect on Transmission 

requirements in the 40% RES pathway  

SOURCE: Imperial College; KEMA 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East 

Europe 

Central Europe 

Poland 

& Baltic 

16GW 

17GW 

5GW 

7GW 

14GW 

5GW 

5GW 

80 6 (1) South East EU-Italy 

55 (34) Total 

0 (5) 

0 (2) 

0 (2) 

4 (1) 

0 (4) 

4 (1) 

0 (3) 

0 (3) 

2 (3) 

10 (6) 

16 (1) 

0 (0) 

0 (0) 

12 (2) 

Capacity addi-

tional (existing) 

[GW] 

32 Central-Europe-Italy 

66 Nordic-Benelux&Germany 

91 France-Italy&Malta 

98 France-Central-Europe 

91 France-Benelux&Germany 

82 France-Iberia 

0 UK&Ireland-Benelux&Germany 

54 Central-South East EU 

80 Central-Europe-Poland &Baltic 

82 Benelux&Germany-Poland&Baltic 

46 Benelux&Germany-Central-EU 

72 Nordic-Poland&Baltic 

0 UK&Ireland-Nordic 

85 UK&Ireland-France 

Annual utilization 

[%] Interconnection 

40% RES, 20% DR 

3GW 5GW 

4GW 
2GW 

3GW 

Centre of gravity 

Total net transfer capacity requirements  

GW (existing + additional) 
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Up to 15% back-up capacity is required in the high renewables 

pathways if no Demand Response is allowed 

SOURCE: Imperial College; KEMA; team analysis 

40% RES  
30% CCS 
30% nuclear 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

0% 

20% 

Pathways DR 

Additional generation 

capacity (% of installed) 

GW 
Associated production  

TWh per year 

271 (15%) 

373 (23%) 

240 (16%) 

325 (24%) 

171 (15%) 

267 (26%) 

116 

103 

100% RES  
0% CCS 
0% nuclear 

0% 

20% 

329 (19%) 

213 (12%) 

309 

144 
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For the 80 and 100% pathways, demand response or clean fuels are 

required to keep emissions below 5% 

1 Real load factor of OCGT is expected to be higher, as model incorporates assumptions for plant failure, but does not add that to associated production 
2 percentage of baseline emissions (1.2 GtCO2e). New OCGTs are expected to produce ~0.6 t CO2/MWh 

SOURCE: Imperial College; KEMA; team analysis 

40% RES  
30% CCS 
30% nuclear 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

0% 

20% 

Pathway 

Demand 

response 

Back up 

capacity  

GW 

271 

373 

240 

325 

Emissions from 

back up plants  

MtCO2 per year (%)2 

59 (5%) 

69 (6%) 

30 (3%) 

62 (5%) 

Back up 

plant load  

factor1 

% 

4% 

4% 

5% 

2% 

191 

267 1% 

1% 9 (1%) 

10 (1%) 

100% RES 
0% 

20% 

11% 

8% 213 

329 

86 (7%) 

185 (15%) 
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Extending the lifetime of retired gas plants can reduce need for 

building additional OCGT capacity with ~3-22% 

SOURCE: Imperial College, KEMA, team analysis 

Assumptions on extending 
retired plants 

▪  All gas plants can be used as 
backup after they retire 

▪  Conventional plants needed 
be retrofitted for backup 

▪  CCGT plant 
–  Life time: 30 years; can be 

extended to 40 years 
–  Plants that retire in 

2040-2050 will be used as 
backup in 2050 

▪  15% of power output is used 
for CCS 

▪  Cost that is less than the 
installation cost of new OCGT 
construction 
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Capacity 
required 

38 24 0 37 51 33 40 32 16 

Available 
Retired 2 0 1 0 3 1 0 1 0 

Net OCGT 
requirement 

36 24 0 37 48 32 40 31 16 

6
0

%
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E
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Capacity 
required 

41 0 0 29 67 8 66 29 0 

Available 
Retired  

6 6 5 4 11 3 2 3 4 

Net OCGT 
requirement 

35 0 0 25 56 5 64 26 0 

4
0

%
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Capacity 
required 

33 0 0 11 64 8 51 24 0 

Available 
Retired  

5 1 0 2 24 3 3 5 5 

Net OCGT 
requirement 

28 0 0 9 40 5 48 19 0 

INCLUDING ONLY GAS RETIRED PLANTS 

x% Reduction in OCGT need 
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Extending the lifetime of retired plants can reduce need for building 

additional OCGT capacity with ~15-30% 

SOURCE: Imperial College, KEMA, team analysis 

Assumptions on extending 
retired plants 

▪  All coal and gas plants can be 
used as backup after they 
retire 

▪  Conventional plants needed 
be retrofitted for backup 

▪  CCGT plant 
–  Life time: 30 years; can be 

extended to 40 years 
–  Plants that retire in 

2040-2050 will be used as 
backup in 2050 

▪  Coal plant 
–  Life time: 40 years; can be 

extended to 60 years 
–  Plants that retire in 

2030-2050 will be used as 
backup in 2050 

▪  15% of power output is used 
for CCS 

▪  Cost that is less than the 
installation cost of new OCGT 
construction 
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Capacity 
required 

38 24 0 37 51 33 40 32 16 

Available 
Retired 2 1 3 2 14 3 4 3 5 

Net OCGT 
requirement 

36 23 0 35 37 30 36 29 14 

6
0

%
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Capacity 
required 

41 0 0 29 67 8 66 29 0 

Available 
Retired  

7 7 7 7 23 6 6 5 9 

Net OCGT 
requirement 

34 0 0 22 44 2 60 24 0 

4
0

%
 R

E
S

 

Capacity 
required 

33 0 0 11 64 8 51 24 0 

Available 
Retired  

3  4 5 4 16 4 2 3 7 

Net OCGT 
requirement 

 30 0 0 7 48 4 49 21 0 

INCLUDING COAL AND GAS RETIRED PLANTS 
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Greater transmission capacity across the regions brings benefits 

for balancing the system  

▪  Overlaying intra-day demand curves cancels out 
volatility Demand 

▪  Overlaying intermittent generation curves 
cancels out volatility  

▪  Wind in North and solar in South are negatively 
correlated 

▪  Sharing reserve capacity reduces need for back-
up plants 

Supply 

Elements that impact balancing which which are 

mitigated by greater transmission interconnection  
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Example: Regional demand variation from average per hour during one day 

Regional demand variation from average over the year 

-40 

-20 

40 

20 

Percent Total EU-27 Individual regions 

Increased transmission cancels out both daily and seasonal 

fluctuations 

NOTE Excluding additional seasonality demand from heat pumps and extreme weather cases 

SOURCE: Imperial College; KEMA analysis 
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Combining regional demand curves reduces volatility 

1 Excluding additional seasonality demand from heatpumps and extreme weather cases 
SOURCE: Imperial College; KEMA analysis 

9 8 7 6 5 4 3 24 23 19 18 17 16 15 14 13 12 11 10 1 21 20 2 22 
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UK & Ireland 

Total 

Nordel 

Poland & Baltic 

Mid-Europe 

Iberia 

France 

South East Europe 

Benelux & Germany 

Hrs  
CET 

Example: Regional demand variation from average per hour on weekend day1   

%  
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Combining regional demand curves reduces volatility 

1 Excluding additional seasonality demand from heatpumps and extreme weather cases 
SOURCE: Imperial College; KEMA analysis 
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Combining wind generation profiles across regions reduces  

overall volatility 

SOURCE: Imperial College; KEMA analysis 

Regional on-shore wind output per hour  
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15 

10 

0 

Hrs 

UK & Ireland 

Italy & Malta 

Poland & Baltic 

Nordel 

Mid-Europe 

Iberia 

France 

South East Europe 

Benelux & Germany 
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A combination of solar and wind is more stable than wind alone 

1 

Yearly energy balance, 20% DR, TWh per week 

1 Storage included in the model relates to the existing hydro storage available across the regions 

40% RES pathway 60% RES pathway 80% RES pathway 
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A combination of solar and wind is more stable than wind alone 

SOURCE: Imperial College, KEMA, team analysis 

Higher solar in 
the summer 

Overall system 
peak demand 
in winter 

Higher wind 
in the winter 

1 

Yearly energy balance, 80% RES pathway, 20% DR, TWh per week 

1 Storage included in the model relates to the existing hydro storage available across the regions 
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1 
Higher solar in 
the summer 

Overall system 
peak demand 
in winter 

Higher wind 
in the winter 

1 Storage included in the model relates to the existing hydro storage available across the regions 

Yearly energy balance, 60% RES pathway, 20% DR, TWh per week 

A combination of solar and wind is more stable than wind alone 
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Higher wind 
in the winter 

Stable nuclear 
and coal CCS 
production 

1 

Overall system 
peak demand 
in winter 

Yearly energy balance, 40% RES pathway, 20% DR, TWh per week 

With renewables and demand response nuclear and coal 

production is relatively stable 

1 Storage included in the model relates to the existing hydro storage available across the regions 
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Reserve sharing between regions reduces total reserve 

requirements by ~40% 

SOURCE: Imperial College, KEMA, team analysis 

Region 

UK & Ireland 

France   

Iberia   

Nordic 

Benelux & Germany 

Central-Europe 

Poland & Baltic 

South East Europe 

Italy & Malta 

Total EU27 

Maximal reserve requirement1, GW 

Baseline 60% RES 80% RES 

Total with reserve sharing  

between regions 

1 Reserve refers to reserve required at four hour ahead of real-time.  This is required to manage the larger changes in generation (due to plant outages 
and expected uncertainty in intermittent output) expected over that four hour period that could require starting additional (or switching off) generation 

183 

98 

281 

40 

18 

18 

29 

44 

20 

40 

31 

42 

-35% 

125 

191 

27 

12 

12 

20 

28 

15 

27 

21 

28 

66 

-35% 

42 

2 

20 

2 

7 

3 

13 

2 

2 

2 

22 

-47% 

Benefit of reserve sharing 

80 

5 

8 

32 

10 

10 

10 

10 

9 

15 

48 

4 

-40% 

40% RES 
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Response is not shared and increases with the percentage of 

renewables 

SOURCE: Imperial College, KEMA, team analysis 

Region 

UK & Ireland 

France   

Iberia   

Nordic 

Benelux & Germany 

Central-Europe 

Poland & Baltic 

South East Europe 

Italy & Malta 

Total EU27 

Maximal response requirement1, GW 

Baseline 60% RES 80% RES 

3 

43 

3 

2 

4 

2 

4 

2 

2 

29 

1 

1 

1 

1 

2 

1 

1 

1 

1 Response refers to the reserve required to manage changes in load or generation (due to a instantaneous failure or change in intermittent output) over 
the very short-term second by second to 15 minute variations. Every region takes care of its own response, this is not shared between regions 

1 

2 

2 

1 

2 

13 

2 

1 

1 

40% RES 
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Several regions will not be fully self sufficient at certain points in 

time 

SOURCE: Imperial College; KEMA; team analysis 

1 Self sufficiency is measured by (i) Maximal plausible energy production of all conventional thermal sources (coal, gas, OCGT) (at load factor of 90%) 
plus the modeled output of nuclear and renewable sources in the region divided by the annual electricity demand. Calculated without DR 

Region 

UK & Ireland 

France   

Iberia   

Nordic 

Benelux & Germany 

Central-Europe 

Poland & Baltic 

South East Europe 

Italy & Malta 

Baseline 60% RES 80% RES 

28 

58 

24 

38 

31 

21 

27 

19 

45 

100% 

36 

38 

31 

61 

12 

34 

33 

64 

12 

56 

100% 

32 

37 

28 

47 

26 

32 

70 

60 

100% 

Baseline 60% RES 80% RES 

22 

54 

19 

48 

10 

24 

24 

18 

24 

24 

19 

16 

-26 

-16 

10 

-12 

16 

58 

38 

18 

-11 

-20 

Total EU 27 

Expected intermittent generation plus 

maximum firm and back up generation 

over average annual demand1, % 

Maximum firm and back up capacity as 

a percentage of peak demand 

% 

3% 4% 
RES output 

needed 
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Large exchanges between regions reduce cost and optimize use  

of renewables 

Examples of flow duration curves 

7,000 

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

40,000 

30,000 

20,000 

10,000 

0 

-10,000 

-20,000 

20,000 

10,000 

-10,000 

0 

-20,000 

Power 
flows 

MW 

1,000 2,000 3,000 4,000 5,000 6,000 8,000 9,000 10,000 

Power 
flows 

MW 

Duration 
Hours 

Duration 
Hours 

France-
Iberia 

France-
Benelux 

& 
Germany 

Import Export 60% RES,  
20% DR 

▪  Large flows 
between regions 
occur for a large 
part of the year 

▪  These flows allow 
for making optimal 
use of cheap 
renewable energy, 
such as solar 
energy from Iberia 
and wind energy 
from Benelux & 
Germany 

ILLUSTRATIVE 
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Illustrating the concepts of shortage of dispatchable generation 

and surplus of overall generation 

Region 

France 

Region 

Germany  

& Benelux 

1 

1 

2 

Shortage of dispatchable generation 

▪  If Germany and Benelux have much more 
wind generation and little dispatchable 
generation they will likely have times of 
shortage 

▪  Therefore to maintain security of supply 
they must either 
–  Build back-up plants in the region 
–  Build transmission to France in case it 

has too much dispatchable capacity 

Surplus or deficit of overall generation 

▪  On the other hand, their large wind 
capacity would lead to a surplus of 
generation at times of high wind 

▪  Therefore to avoid curtailment of wind 
sources transmission to neighboring 
regions would be required 

1 This assumes a firm capacity capability from centre of gravity to centre of gravity that would allow for the dispersion of power along the way implicitly 
covering intra-regional reinforcements  

SOURCE: KEMA; team analysis 

Illustrative example for Germany & Benelux and France 

2 

ILLUSTRATIVE 
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 40% RES has a higher gap between peak demand and 

dispatchable generation driving greater back-up capacity 

SOURCE: KEMA; team analysis 

1 

Gap between peak demand and dispatchable generation capacity1  
GW 

-12 

Eastern 
Europe 

278 

Poland 
& Baltic 

Mid-
Europe 

Central 
Europe 

Iberia South 
Europe 

-18 

France UK & 
Ireland 

EU-27 

190 

Nordel  

+46% 

+94% 

-11% 

+15% 

+8% -12% 

+175% 

+132% 

40% RES / 30%  
nuclear / 30% CCS 

Baseline 

1 A positive number highlights a higher peak demand than available dispatchable generation capacity in the region 
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Basel
ine 

40% RES has a higher gap between peak demand by region and 

disptachable generation therefore driving greater back-up 

capacity 

SOURCE: KEMA; team analysis 

Almost all 
regions have a 

much higher 
gap from peak 

to 
dispatchable 
capacity in the 

40% capacity 

108 
91 97 

64 

40%R
ES 

30% 
nucle

ar 

30% 

CCS 

70 

28 

66 59 75 
93 

Iberia Central 
Europe 

Nordel  Mid-
Europe 

Eastern 
Europe 

Poland 
& Baltic 

100 

South 
Europe 

France UK & 
Ireland 

peak demand 

dispatchable 

non-dispatchable 

16 33 19 51 22 27 18 16 -12 

44 29 -18 55 51 31 31 31 24 

Gap from peak to 
dispatchable 
generation 

1 

GW 
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 The 40% RES pathway has on average 50% more maximum 

generation output, driving greater to export surpluses  

SOURCE: KEMA; team analysis 

2 

Generation capacity in excess of peak demand (assuming full output of renewables), 
GW   

Eastern 
Europe 

Mid-
Europe 

Central 
Europe 

Nordel  Iberia France UK & 
Ireland 

428 

Poland 
& Baltic 

EU-27 

283 

South 
Europe 

+47% 

+51% 

-15% 

+32% 

+58% 

+269% 

-10% 

+48% 

+92% 

+182% 

40% RES / 30%  
nuclear / 30% CCS 

Baseline 
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Power flows from South to North on a summer day  

Centre of gravity 

SOURCE: Imperial College; KEMA; team analysis 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East Europe 

Central Europe 

Poland & 

Baltic 

20 

47 

12 

4 

5 

15 

3 

4 

13 

2 

8 

4 

5 
9 

80% RES, 20% DR 

x Load on a 
summer day, 
15.00 CET 

Capacity used (GW), modeling results of Monday July 17, 15.00 CET 
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Interconnections are used extensively, also during  

the night 

SOURCE: Imperial College; KEMA; team analysis 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East Europe 

Central Europe 

Poland & 

Baltic 

20 

8 

12 

4 

5 

15 

3 

4 

13 

2 

8 

4 

5 

9 

3 

11 

80% RES, 20% DR 

Capacity used (GW), modeling results of Monday Jan 16, 03.00 CET Centre of gravity 

x Load on a winter 
night, 03.00 CET 
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Power flows from Iberia / Benelux & Germany  

on a winter day 

SOURCE: Imperial College; KEMA; team analysis 

Iberia 

France 

UK & 

Ireland 

Nordic 

Benelux & 

Germany 

Italy & 

Malta 

South East Europe 

Central Europe 

Poland & 

Baltic 

33 

12 

4 

5 

4 

13 

2 

8 

4 

5 9 

3 

11 

3 

80% RES, 20% DR 

Centre of gravity 

x Load on a winter 
day, 15.00 CET 

Capacity used (GW), modeling results of Monday Jan 16, 15.00 CET 
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Percentage RES 
% 

Additional transmission and  
and generation capex1 

EUR bn over 40 years 

Demand response can reduce grid investments by 20-30% 

Percentage RES 
% 

Optimized, DR assumptions: Baseline - 0%, 40, 60 & 80% RES - 0% to 20% 

SOURCE: Imperial College; KEMA; team analysis 

1 Grid investments without off-shore wind connections 

Additional back-up capacity  
required 
GW 

Percentage RES 
% 

20% 

DR 

0% 

DR 
0% 

DR 

baseline 

20% 

DR 
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Demand response reduces curtailment 

SOURCE: Imperial College; KEMA; team analysis 

60% RES, 20% DR 

WEEK 32 – SUNNY WEEK 

1 The graph shows how the original demand line (purple) is shifted to a higher level (red line) by DR to capture the higher PV production 

1 
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Demand response reduces required back-up capacity 

SOURCE: Imperial College; KEMA; team analysis 

▪  DR also reduces 
the need for 
additional OCGT 
plants 

▪  The graph shows 
how the original 
demand line 
(purple) is shifted to 
earlier during the 
day (red line) when 
more power is 
available to match 
supply 

60% RES, 20% DR 
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Demand response usage varies between regions 

SOURCE: Imperial College; KEMA; team analysis 

▪  DR usage varies across the regions 
depending on factors including the generation 
mix in the region 

▪  UK and Ireland has significant volume of wind 
and DR is used regularly (>20% of the year) 
and strongly (up to ~30% of peak demand) to 
seek to capture as much of this energy as 
possible 

▪  Nordic has significant volume of controllable 
hydro and DR is not often required to balance 
supply and demand  
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In summer, demand is shifted to the day to absorb solar power 

generation  

SOURCE: Imperial College; KEMA; team analysis 

▪  DR usage varies across seasons attempting 
to minimize the impact of the variations in 
available energy 

▪  In both regions it is used on more than 80% 
of days in the year 

▪  France sees the effect of Iberian solar 
energy flowing through the system, with 
demand being managed significantly more 
across summer days than during the winter 

▪  Iberia often hits the modeling limits on DR 
due to the significant volume of solar energy 
across the year. 
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The existing pumped hydro storage is utilized to capture renewable 

energy to avoid curtailment 

SOURCE: Imperial College; KEMA; team analysis 

▪  Usage of the pure pumped hydro storage resources are optimized by the 
model to produce the overall lowest cost of system operations 

▪  Storage of this kind is currently more expensive (~10x) to build than 
thermal generation capacity and incurs energy losses making it an 
expensive substitute to provide security of supply 
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Demand response shifts most energy in Iberia, due to the daily 

solar variations 

19 

55 

16 

11 

34 

40 

45 

28 

61 

21 

38 

39 

18 

60% RES,  
20% DSM 

Peak capacity  

GW 
Energy shifted  

TWh Region 

UK & Ireland 

France   

Iberia   

Nordic 

Benelux & Germany 

Central-Europe 

Poland & Baltic 

South East Europe 

Italy & Malta 

Max/Total 120 61 

DR utilization per region 

SOURCE: Imperial College; KEMA; team analysis 
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Evolution of production shares in the decarbonized pathways 

4,900 

2050 2030 

4,200 

2010 

3,250 

40% 

32% 

30% 

30% 

1 32% for EU-27; 35% for EU-27 including Switzerland and Norway     
2 Existing capacity includes new builds until 2010 

Fossil existing2 Nuclear existing2 RES existing2 

Fossil new build Nuclear new build RES new build 
Power supply development by technology, 
based on forecasted power demand, TWh 

4,900 

2050 2030 

4,200 

2010 

3,250 60% 

38% 

20% 

20% 

4,900 

2050 2030 

4,200 

2010 

3,250 

80% 42% 

10% 

10% 

40% RES pathway 60% RES pathway 80% RES pathway 

SOURCE: Team analysis 
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The 40% RES pathway assumes 34% RES in 2020 

SOURCE: Team analysis 

40% RES PATHWAY 

1 32% for EU-27; 35% for EU-27 including Switzerland and Norway     
2 Existing capacity includes new builds until 2010 

Fossil existing2 Nuclear existing2 RES existing2 

Fossil new build Nuclear new build RES new build Power supply development by technology, 
based on forecasted power demand, TWh 

4,900 

3,650 

2050 2040 

4,500 

2030 

4,200 

2020 2010 

3,250 

40% 

32% 

30% 

30% 
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Coal2 

Number plants built per decade 

The amount of annual new thermal and nuclear plants  

is lower than historic production rates 

-61% 

Actual 

1 Assumption: average size of gas power plant: 440 MW - after 2020 only buildup of gas CCS 
2 Average size: 800 MW for existing and 900 MW for new plants - after 2020 only buildup of coal CCS 
3 Average size of 1.0 GW for existing and 1.3 GW for new plants   

40% RES pathway 

SOURCE: Team analysis 

2040-2050 2030-2040 2020-2030 2010-2020 2000-2010 1990-2000 1980-1990 

-30% 

-6% 

Gas1 

Nuclear3 

40% RES PATHWAY 
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Number plants built per decade 

The annual construction of solar PV plants has  

to increase three-fold compared past 2020 

SOURCE: BTM Consult ApS; team analysis 

18,000 

17,000 

1,000 

18,000 

1,000 

17,000 

19,000 

2,000 

17,000 

28,000 

2,000 

26,000 

40,000 

25,000 

1 1990 to 2010 actual data taken from BTM Consult ApS; average size of new wind turbines for wind onshore: 2.5 MW until 2020 and 3.0 MW 
thereafter; for wind offshore: 5.0 MW until 2020, 7 MW 2020 to 2030 and 10 MW thereafter 

2 Average size of 20 MW per plant; buildup of 500 plants between 2005 and 2010 which leads to 1,000 plants for 2000 to 2010 
3 In line with assumption of maximum annual growth per technology of 20% 

Wind offshore Wind onshore 

2040-2050 

3,000 

2030-2040 

3,000 

2020-2030 

3,000 

2010-2020 

1,000 

2000-2010 

1,000 

1990-2000 

Wind 

turbines1 

Solar2  

Actual 40% RES pathway 

40% RES PATHWAY 

However, the new wind 
turbines are much 

larger and partly off 
shore 
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The 60% RES pathway assumes 38% RES in 2020 

SOURCE: Team analysis 

60% RES PATHWAY 

1 35% for EU-27; 38% for EU-27 including Switzerland and Norway     
2 Existing capacity includes new builds until 2010 

Fossil existing2 Nuclear existing2 RES existing2 

Fossil new build Nuclear new build RES new build Power supply development by technology, 
based on forecasted power demand, TWh 

4,900 

3,650 

2050 2040 

4,500 

2030 

4,200 

2020 2010 

3,250 60% 

38% 

20% 

20% 
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Coal2 

Number plants built per year 

The amount of annual new thermal and nuclear plants  

is lower than historic production rates 

-68% 

Actual 

1 Assumption: average size of gas power plant: 440 MW - after 2020 only buildup of gas CCS 
2 Average size: 800 MW for existing and 900 MW for new plants - after 2020 only buildup of coal CCS 
3 Average size of 1.0 GW for existing and 1.3 GW for new plants   

60% RES pathway 

SOURCE: Team analysis 

2040-2050 2030-2040 2020-2030 2010-2020 2000-2010 1990-2000 1980-1990 

-43% 

-29% 

Gas1 

Nuclear3 

60% RES PATHWAY 



259  

Number plants built per decade 

The annual construction of solar PV plants has  

to increase three-fold compared to 2000-2010 

SOURCE: BTM Consult ApS; team analysis 

23,000 

4,000 

19,000 

23,000 

4,000 

19,000 

28,000 

9,000 

19,000 

37,000 

6,000 

31,000 

40,000 

25,000 

1 1990 to 2010 actual data taken from BTM Consult ApS; average size of new wind turbines for wind onshore: 2.5 MW until 2020 and 3.0 MW 
thereafter; for wind offshore: 5.0 MW until 2020, 7 MW 2020 to 2030 and 10 MW thereafter 

2 Average size of 20 MW per plant; buildup of 500 plants between 2005 and 2010 which leads to 1,000 plants for 2000 to 2010 
3 In line with assumption of maximum annual growth per technology of 20% 

Wind offshore Wind onshore 

2040-2050 

10,000 

2030-2040 

10,000 

2020-2030 

8,100 

2010-2020 

3,300 

2000-2010 

1,000 

1990-2000 

Wind 

turbines1 

Solar2  

Actual 60% RES pathway 

60% RES PATHWAY 

However, the new wind 
turbines are much 

larger and partly off 
shore 
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The 80% RES pathway assumes 42% RES in 2020 

SOURCE: Team analysis 

80% RES PATHWAY 

1 39% for EU-27; 42% for EU-27 including Switzerland and Norway     
2 Existing capacity includes new builds until 2010 

Fossil existing2 Nuclear existing2 RES existing2 

Fossil new build Nuclear new build RES new build Power supply development by technology, 
based on forecasted power demand, TWh 

4,900 

3,650 

2050 2040 

4,500 

2030 

4,200 

2020 2010 

3,250 

80% 42% 

10% 

10% 
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Coal2 

Number plants built per decade 

The amount of annual new thermal and nuclear plants  

is lower than historic production rates 

-83% 

Actual 

1 Assumption: average size of gas power plant: 440 MW - after 2020 only buildup of gas CCS 
2 Average size: 800 MW for existing and 900 MW for new plants - after 2020 only buildup of coal CCS 
3 Average size of 1.0 GW for existing and 1.3 GW for new plants   

80% RES pathway 

SOURCE: Team analysis 

2040-2050 2030-2040 2020-2030 2010-2020 2000-2010 1990-2000 1980-1990 

-79% 

-66% 

Gas1 

Nuclear3 

80% RES PATHWAY 
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Number plants built per decade 

The annual construction of solar PV plants has  

to increase five-fold compared to 2000-2010 

SOURCE: BTM Consult ApS; team analysis 

35,000 

7,000 

28,000 

35,000 

7,000 

28,000 

38,000 

10,000 

28,000 

46,000 

11,000 

35,000 

40,000 

25,000 

1 1990 to 2010 actual data taken from BTM Consult ApS; average size of new wind turbines for wind onshore: 2.5 MW until 2020 and 3.0 MW 
thereafter; for wind offshore: 5.0 MW until 2020, 7 MW 2020 to 2030 and 10 MW thereafter 

2 Average size of 20 MW per plant; buildup of 500 plants between 2005 and 2010 which leads to 1,000 plants for 2000 to 2010 
3 In line with assumption of maximum annual growth per technology of 20% 

Wind offshore Wind onshore 

2040-2050 

15,000 

2030-2040 

15,000 

2020-2030 

11,000 

2010-2020 

5,500 

2000-2010 

1,000 

1990-2000 

Wind 

turbines1 

Solar2  

Actual 80% RES pathway 

80% RES PATHWAY 

However, the new wind 
turbines are much 

larger and partly off 
shore 
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20% DR 

Historical  
growth rate 

80% RES 

60% RES 

40% RES 

2050 40 30 20 10 2000 1990 

+172 

+23 

+85 

GW, EU-27, Norway and Switzerland1,2 

1 Development of grid is driven by the penetration of intermittent power sources (solar PV, wind onshore and wind offshore) 
2 This assumes a linear build up of grid capacity in thousand GW km between 1990 and 2010, starting at zero, although some grid has been built even 

before 1990, i.e. UK-France and much of the Central European interconnections 

The evolution looks very different for 
specific regions. For some, the increase 
is much higher than historic investments. 

The rate of grid investments compares to historic investments  

at the European level 

SOURCE: KEMA, team analysis 
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To reach the required transmission grid length, the current rate of 

construction has to increase by 25% for the 60% pathway 

SOURCE: KEMA, team analysis 

40% RES 

10 2000 1990 

80% RES 

60% RES 

Baseline 

2050 40 30 20 

+70 

+142 

+19 

1 Development of grid is assumed to be driven by the penetration of intermittent power sources (solar PV, wind onshore and wind offshore) 
2 This assumes a linear build up of grid capacity in thousand GW km between 1990 and 2010, starting at zero, although some grid has been built even 

before 1990, i.e. UK-France and much of the Central European interconnections 

20% DR 

This graph is in GW km, accounting 
for the length of grid to be built 

Development of transmission grid capacity1, thousand GW km, EU-27 including Norway and 
Switzerland 
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Indicative potential projects1 per region  

from 2010-2015 

1 Assumption for plant sizes: coal plant: 900 MW; gas plant: 440 MW; nuclear plant: 1,300 MW; wind turbine onshore: 1.5 MW; wind turbine offshore: 
2.5 MW; solar PV plant: 20 MW (10,000 rooftops); solar CSP: 50 MW; biomass plant: 150 MW 

2 20 plants with 50 MW until 2015; 20 plants with 150 MW after 2015   3 Central Europe   4 South Europe 
3 This capacity is calculated solely on the basis that it is required to be built to meet the overall 2050 modelled transmission capacity requirements, 

without exceeding the current build rates.  No judgement or assessment has been made as to the physical transmission requirements that would be 
required to meet the projects shown in the table above  

SOURCE: Team analysis 

INDICATIVE 

60% RES PATHWAY 

New trans-

mission 

grid capa-
city3 

UK and Ireland Nordic Iberia 

Central  

Europe 

Eastern  

Europe 

New 

conventio-

nal plants 

▪  7 coal plants 
▪  8 gas plants 

▪  1 coal plant 
▪  5 gas plants 

▪  1 coal plant 
▪  2 gas plants 
▪  1 nuclear plant 

▪  1 coal plant 
▪  3 gas plants 

▪  2 gas plants 
▪  1 nuclear plant 

New RES 

plants 

▪  4,500 wind 
turbines (~450 
wind parks) 

▪  400 solar PV 
plants 

▪  20 biomass 
plants 

▪  6,500 wind 
turbines (~650 
wind parks) 

▪  150 solar PV 
plants 

▪  10 biomass 
plants 

▪  4,500 wind 
turbines (~450 
wind parks) 

▪  80 solar PV 
plants 

▪  5 biomass 
plants 

▪  4,500 wind 
turbines (~450 
wind parks) 

▪  450 solar PV 
plants 

▪  20 solar CSP 
plants2 

▪  10 biomass 
plants 

▪  600 wind 
turbines (~60 
wind parks) 

▪  250 solar PV 
plants 

▪  10 biomass 
plants 

~11 GW or ~9,000 GW km of additional transmission capacity 

needed in entire EU-27 including Switzerland and Norway 
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Indicative potential projects1 per region from  

2010-2015 

SOURCE: Team analysis 

1 Assumption for plant sizes: coal plant: 900 MW; gas plant: 440 MW; nuclear plant: 1,300 MW; wind turbines onshore: 1.5 MW; wind turbines offshore: 
2.5 MW; solar PV plant: 20 MW (10,000 rooftops); solar CSP: 50 MW; biomass plant: 150 MW   2 Central Europe   3 Central Europe   4 Eastern 
Europe 

3 This capacity is calculated solely on the basis that it is required to be built to meet the overall 2050 modelled transmission capacity requirements, 
without exceeding the current build rates.  No judgement or assessment has been made as to the physical transmission requirements that would be 
required to meet the projects shown in the table above  

New 

conventio-

nal plants 

New RES 

plants 

New trans-

mission 

grid capa-
city3 

France 

▪  1 coal plant 
▪  3 gas plants 
▪  1 nuclear plant 

▪  3,500 wind 
turbines (~350 
wind parks) 

▪  450 solar PV 
plants 

▪  15 biomass plants 

South Europe 

▪  1 coal plant 
▪  2 gas plants 

▪  2,000 wind 
turbines (~200 
wind parks) 

▪  400 solar PV 
plants 

▪  10 biomass plants 

Poland and Baltic 

▪  1 gas plant 

▪  1,500 wind 
turbines (~150 
wind parks) 

▪  150 solar PV 
plants 

▪  10 biomass plants 

Central Europe 

▪  1 coal plant 
▪  2 gas plants 

▪  1,500 wind 
turbines (~150 
wind parks) 

▪  450 solar PV 
plants 

▪  5 biomass plants 

~11 GW or ~9,000 GW km of additional transmission capacity 

needed in entire EU-27 including Switzerland and Norway 

INDICATIVE 

60% RES PATHWAY 
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By 2020, CO2 emissions in the power sector are projected to reduce 

by ~20% in baseline and ~40% in the 60% RES pathway 

Carbon emissions for power sector only1 

2050 30 20 2010 

Year 

40 

-20% 

-39% 

-96% 

80% RES 40% RES 

60% RES Baseline 

1990 level 

1 In pathways: CCS retrofit of coal plants built from 2011 to 2020 is performed 2021-2030; After 2020 only new build fossil plants with CCS 

GtCO2e per year 



268  SOURCE: McKinsey Global GHG Abatement Cost Curve; IEA WEO 2009; US EPA; EEA; Team analysis 

To realize 80% CO2 reduction in 2050, a 20 to 30% reduction must 

be realized in 2020 

1 Timing of emission reductions depends on speed of implementation of abatement levers identified in the McKinsey Global GHG Abatement Cost 
Curve and the fuel shift towards CO2-free electricity 

4.6 

2050 2040 2030 

3.5 

0.41 

2020 

0.21 

2010 1990 

-80% 

-20 to -30% 

EU-27 total GHG emissions in decarbonized pathway, GtCO2e per year 
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Contents of the power supply deep dive chapter 
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Power supply in all pathways 
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Integrated 

cost 

Generation cost  

Levelized cost of electricity for new builds, taking into 

account  

Cost to balance demand/supply at any point in time, 

taking into account 

Grid cost analysis 

SOURCE: Team analysis 

The integrated cost of electricity includes generation  

and grid costs 

▪  Capex 
▪  Opex 
▪  Fuel cost 
▪  Lifetime 

▪  Maximum load factor 
▪  CCS infrastructure cost 
▪  Learning rates 

▪  Transmission grid 
investments 

▪  Excluding distribution grid 

▪  Investments in additional 
generating capacity to maintain 
a secure supply of electricity 

▪  Grid operation and balancing 
cost 
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Average new built 

CoE3, EUR/MWh 

1 For new builds from 2011 to 2050, including additional grid capex 
2 Opex for all new and operating plants includes variable, fixed, as well as fuel cost; also includes opex for additional backup plants and additional grid  
3 Cost of electricity with a WACC of 7% (real after tax), weighted average based on the CoE in each 10-year time frame (2020, 2030, 2040, 2050) for 

new built capacity; including grid 
4 Carbon prices shown in Chapter 2 were used only to develop the macro-economic analysis of the baseline  

Opex2 

Cumulative cost 

2011-2050, EUR billion 

Baseline 

-960 

-1,105 

-1,505 

7,210 

615 

1,170 

1,485 

1,375 

SOURCE: Team analysis 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

The cost of decarbonized electricity is about 10-15% higher 

+15% 

INCLUDING GENE- 
RATION AND GRID 

At a CO2price4 
of 20-30€/t, the 
CoE of the 
baseline is 
equal to the 
pathways 

Capex1 

Real terms 
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1 For new builds from 2011 to 2050, including additional grid capex 
2 Opex for all new and operating plants includes variable, fixed, as well as fuel cost; also includes opex for additional backup plants and additional grid  

Opex2 

Baseline 

-960 

-1,105 

-1,505 

7,210 

615 

1,170 

1,485 

1,375 

SOURCE: Team analysis 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Decarbonized electricity requires more capex and less opex 

INCLUDING GENE- 
RATION AND GRID 

Capex1 

Cumulative cost, 2011-2050, EUR billion, Real terms, no CO2 costs included 
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The cost of electricity is similar in the baseline and in the 

decarbonized pathways 

1 Based on a WACC of 7% (real after tax), computed by technology and weighted across technologies based on their production; including grid. COE 
ranges are based on: Carbon price from €0 to 35 per tCO2e; Fossil fuel prices: IEA projections +/- 25%; Learning rates: default values +/- 25% 

Baseline 

Average of decar- 
bonized pathways 

Ranges of the levelized cost of electricity of new builds1,  
€ per MWh (real terms) 
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Cost of electricity in the baseline and in the decarbonized pathways  

SOURCE: Team analysis 

Baseline and 40% RES pathway 

 Baseline and 80% RES pathway 

Baseline and average of decarbonized pathways 

Baseline and 60% RES pathway 

Baseline 

Decarbonized 
pathways 

1 Based on a WACC of 7% (real after tax), computed by technology and weighted across technologies based on their production; including grid. COE 
ranges are based on: Carbon price from €0 to 35 per tCO2e; Fossil fuel prices: IEA projections +/- 25%; Learning rates: default values +/- 25% 

Ranges of the levelized cost of electricity of new builds1,  
€ per MWh (real terms) 
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50% higher2 

25% higher2 

25% lower4 

IEA3 

Cost impact of the decarbonized power pathways per year per household1 

1 Assuming all power costs get passed through to households 
2 CO2 price assumed of € 40/tCO2e 
3 IEA WEO 2009 ‘450 Scenario’ assumptions for 2030, kept constant up to 2050 
4 No carbon price 
5 For all technologies. Learning rate is defined as capex improvement per doubling of cumulative installed capacity 

50% lower5 50% higher 

Technology 

learning rates 

Power pathways 
€ 250/yr more expensive 

Fossil fuel 

and CO2 price 

Power pathways 
€250/yr less 
expensive 

No difference 
between pathways 

and baseline 

▪ Coal $109/t 
▪ Gas $14.8/mmBtu 
▪ Oil $115/bbl 
▪ CO2 price €20/tCO2e 

▪ Solar PV 15% 
▪ CCS 12% 
▪ Wind 5% 

The cost of the decarbonized pathways and the baseline are likely 

to differ less than € 250 per year per household 

Superimposing 25% lower fuel 

prices, 50% lower learning rates 
plus €500 billion cost of change 

would cost €300/yr 
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The decarbonized pathways require more capital 

86 

Opex2 

80 

75 

86 

Capex2 

1 Weighted average based on the CoE in each 10-year time frame (2010, 2020, 2030, 2040, 2050) 
2 Capex for generation and backup plants as well as grid included 
3 Opex for operating all power plants including backup plants and the grid included 

SOURCE: Team analysis 

Baseline 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Average new built CoE from 2010 to 20501, EUR/MWh (real terms) 

80% RES  
10% CCS 
10% nuclear 

Excluding a price 
for CO2  

With a CO2 price4 
of 20-30€/t the 
baseline is as 
expensive as the 
pathways 
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Grid security and balancing cost add about 10-15% to the cost of 

electricity 

Capex2 Opex2 

CCS transport and storage 

Balancing3 Security4 

80 2 2 

86 1 3 

86 1 4 

75 2 

1 Weighted average based on the CoE in each 10-year time frame (2010, 2020, 2030, 2040, 2050) 
2 Generation only 
3 Cost related to non optimal plant use, system dispatch cost for secure operation, running backup plants, storage losses, reserve and response cost 
4 Transmission and additional generation capex as well as fixed opex for transmission and backup 
5 Grid not modeled by KEMA yet, impact estimated by interpolation from the other pathways 

SOURCE: Team analysis 

Baseline 

60% RES  
20% CCS 
20% nuclear 

40% RES5  
30% CCS 
30% nuclear 

Average new built CoE from 2010 to 20501, EUR/MWh (real terms) 

80% RES  
10% CCS 
10% nuclear 
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Baseline 0% 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

40% RES  
30% CCS 
30% nuclear 

0% 

20% 

105 

139 

Pathways DR Interregional1 Offshore wind 

131 

114 

Transmission capex Back-up generation 

capex2 

1 Excludes existing capacity. Based on average mix with 73% AC and 27% HVDC (comparable to the mix in the Tradewind report of 77% AC and 23% 
HVDC in 2030) at a cost of € 1,000 MW/km 

2 The cost of additional capacity is assumed to be 350,000 €/MW (currently based on OCGT) 

Cumulative capex from 2010 to 2050, € billion (real terms) 

Transmission and back-up related capex both increase with a 

higher share of intermittent RES 

SOURCE: KEMA; Imperial College; Team analysis 



279  

Grid related capex and opex both increase with a higher share of 

RES 

SOURCE: KEMA; Imperial College; Team analysis 

Baseline 0% 

80% RES  
10% CCS 
10% nuclear 

0% 

20% 

60% RES  
20% CCS 
20% nuclear 

0% 

20% 

40% RES  
30% CCS 
30% nuclear 

0% 

20% 

105 

139 

71 

84 

44 

44 

Pathways DR Interregional1 Off-shore wind Capex2 Opex per year3 

43 

43 

31 

31 

95 

131 

32 

84 

114 

67 

93 

32 

45 

28 

34 

30 

17 

17 

Transmission capex Generation and balancing cost 

1 Excludes existing capacity. Based on average mix with 73% AC and 27% HVDC (comparable to the mix in the Tradewind report of 77% AC and 23% HVDC in 2030) at a cost of EUR 1,000 
MW/km 

2  The cost of additional capacity is assumed to be 350,000 EUR/MW (currently based on OCGT) 
3 Opex includes cost related to non optimal plant use, system dispatch cost for secure operations, running backup plants, storage losses, reserve and response cost  

Cumulative capex from 2010 to 2050, € billion (real terms) 

100% RES 
0% 

20% 189 43 

43 

74 

115 

65 

100 
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Generation capex is driven by RES 

Baseline 

Pathways 

80% RES  
10% CCS 
10% nuclear 

60% RES  
20% CCS 
20% nuclear 

40% RES  
30% CCS 
30% nuclear 

Capex per technology  

Total 

1,870 

Nuclear CCS Fossil RES 

In EUR billions (real), cumulative 2011-2050 

2,360 360 
1,705 

2,620 
180 130 20 

2,290 

1,310 

SOURCE: Team analysis 

GENERATION ONLY 

87% 

72% 

48% 

45% 

Share of total 
capex 
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Cost reduction due to technological development is relatively small 

2040-2050 2020-2030 2011-2020 

80% RES 

60% RES 

40% RES 

Baseline 

2030-2040 

Cost of electricity of new builds1, EUR/MWh (real terms) 

1 Average current cost of electricity: ~72 EUR/MWh (based on 2010 CoE per technology weighted with their respective electricity production) 
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Solar PV cost is assumed to halve by 2030 in the  

60% and 80% RES pathways 

40% RES pathway 

80% RES pathway 

Baseline 

60% RES pathway 

-48% 

SOURCE: Team analysis 

Iberia, CoE in EUR/MWh (real terms) 
EXAMPLE IBERIA 

Note: Assuming 50% central solar power plants and 50% rooftops (capex 25% more expensive) 
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Gas  
conventional 
without CCS 
(CCGT) 

LCoE evolution of gas conventional compared to low carbon technologies  
60% RES, 20% nuclear, 20% CCS, € per MWh (real terms), Iberia 

Low carbon 
technologies1 

Low carbon technology costs decrease while gas plant costs 

increase 

1 The following technologies are all included within this range: Coal CCS, Nuclear, Wind onshore and offshore, Solar PV, Solar CSP and biomass dedicated 

SOURCE: Team analysis 
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Context and key drivers of the CoE per technology 

Technology Explaining the key drivers in the baseline and in the 60% RES pathway 

SOURCE: Team analysis 

Coal Conventional Coal prices increase by 20% until 2030 and stay flat afterwards; plant efficiency increases and capex 
decrease over time 

Gas Conventional Gas prices increase by 40% until 2030 and stay flat afterwards; plant efficiency increases and capex 
decrease over time 

Coal CCS CCS starts in 2021; plant efficiency increases and capex decrease over time 

Gas CCS CCS starts in 2021; plant efficiency increases and capex decrease over time 

Coal CCS Retrofit 

Gas CCS Retrofit 
Retrofit of plants at same costs as "CCS-ready" plants; retrofitted plants with lower efficiency (due to 
earlier build-up), therefore CoE a little higher than for "CCS-ready" plants 

Oil Oil prices increase by 30% until 2030 and stay flat afterwards; plant efficiency increases and capex 
decrease over time 

Nuclear Capex of nuclear decrease with learning rate (LR) of ~5%; fuel costs stay the same 

Wind Onshore Specific capex decrease with LR of 5%; opex stay at ~2% of specific capex 

Wind Offshore Specific capex decrease with LR of 5% (small installed base); opex start at 3% and decrease to ~1% 

Specific capex decrease with LR of 20% (small installed base); opex stay at 1% of specific capex Solar PV 

Capex start at ~6,500 EUR/kWe in 2010, decrease to ~4,000 EUR/kWe in 2020 and ~2,850 EUR/kWe 
in 2050 (including storage); opex stays at ~3% of initial capex 

Solar CSP 

Biomass dedicated Specific capex decrease with ~0,5% p.a.; fuel costs remain constant at ~50 EUR/MWh 
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CoE per technology 2010-50 

CoE in EUR/MWh (real) 

EXAMPLE IBERIA 

SOURCE: Team analysis 

2040 2030 2010 Technology 2050 

60% RES pathway Baseline 

2020 2050 2040 2030 2010 2020 

46 

81 

121 

186 

66 

54 

83 

143 

91 

64 

213 

122 

186 

48 

83 

103 

158 

67 

56 

87 

143 

106 

69 

215 

104 

159 

46 

66 

0 

0 

68 

64 

144 

181 

163 

95 

179 

0 

0 

45 

81 

139 

212 

66 

52 

78 

129 

79 

61 

211 

139 

212 

46 

70 

0 

0 

67 

59 

100 

157 

124 

73 

189 

0 

0 

45 

81 

70 

109 

66 

52 

78 

93 

79 

61 

211 

71 

109 

46 

81 

72 

111 

66 

54 

83 

98 

91 

64 

213 

73 

112 

48 

83 

74 

115 

66 

56 

87 

107 

106 

69 

215 

75 

116 

46 

66 

0 

0 

68 

64 

144 

181 

163 

95 

179 

0 

0 

46 

70 

0 

0 

67 

59 

100 

154 

124 

73 

189 

0 

0 

Note: Generation cost only, not considering system cost 
1 Results show CoE for central solar PV, decentral are ~25% higher; For other regions with lower load factors (e.g. 10% compared to 17% in Iberia) the 

CoE for 2010 can go up to 300 EUR/MWh 

GENERATION ONLY 

Coal Conventional 

Gas Conventional 

Coal CCS 

Gas CCS 

Nuclear 

Wind Onshore 

Wind Offshore 

Solar PV 

Solar CSP 

Biomass dedicated 

Oil 

Coal CCS Retrofit 

Gas CCS Retrofit 
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CoE per technology 2010-50 

CoE in EUR/MWh (real) 

EXAMPLE IBERIA 

SOURCE: Team analysis 

2040 2030 2010 Technology 2050 

40% RES pathway 80% RES pathway 

Coal Conventional 

Gas Conventional 

Coal CCS 

Gas CCS 

Nuclear 

Wind Onshore 

Wind Offshore 

Solar PV 

Solar CSP 

Biomass dedicated 

Oil 

Coal CCS Retrofit 

Gas CCS Retrofit 

2020 2050 2040 2030 2010 2020 

45 

81 

72 

111 

66 

51 

70 

68 

79 

61 

211 

72 

111 

46 

81 

74 

113 

66 

53 

74 

73 

91 

64 

213 

74 

114 

48 

83 

76 

117 

67 

55 

79 

83 

106 

69 

215 

77 

118 

46 

66 

0 

0 

68 

64 

144 

181 

163 

95 

179 

0 

0 

46 

70 

0 

0 

67 

58 

91 

104 

124 

73 

189 

0 

0 

Note: Generation cost only, not considering system cost 
1 Results show CoE for central solar PV, decentral are ~25% higher; For other regions with lower load factors (e.g. 10% compared to 17% in Iberia) the 

CoE for 2010 can go up to 300 EUR/MWh 

GENERATION ONLY 

46 

81 

73 

112 

66 

54 

76 

78 

91 

64 

213 

73 

113 

48 

83 

75 

116 

66 

55 

80 

90 

106 

69 

215 

76 

116 

46 

66 

0 

0 

68 

64 

144 

181 

163 

95 

179 

0 

0 

45 

81 

71 

110 

66 

52 

72 

74 

79 

61 

211 

71 

110 

46 

70 

0 

0 

67 

59 

94 

115 

124 

73 

189 

0 

0 
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28 

178 

2010 

55 

206 

2020 

68 

233 

2030 

63 

200 

2040 

52 

198 

2050 

Capex2 

Opex2 

1.4% p.a. 

1 Around 2030, a relatively large share of the inefficient existing fleet is retired and replaced by new technologies, resulting in lower costs thereafter 
2 Capex is for new builds for generation as well as grid and back up capacity; opex covers operational expenses for the entire generation fleet 

Total annual capex and opex, € billion per year 
60% RES PATHWAY 

Total power costs peak in 2030 due to increasing fuel prices and 

capital investments 

SOURCE: Team analysis 
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2050 45 40 35 30 25 20 15 10 05 2000 1995 

+134% 

80% RES 

60% RES 

40% RES 

Baseline 

Annual capex development per pathway, € billions per year 

Actual Future 

GENERATION ONLY 

A doubling of capital spent would be required over the next 15 

years 

SOURCE: Team analysis 
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Delayed by 10 years, the annual capex would be up by almost 200% 

Annual capex development per pathway 

EUR billions 

Actual Future 

GENERATION ONLY 

40 35 30 25 20 15 10 05 2000 1995 2050 45 

+194% 

80% RES 

60% RES 

40% RES 

Baseline 
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~30% of the capex is required for  

wind and solar PV in the baseline 

0 
0 0 0 0 

Fossil 

Nuclear 

Other RES 

Solar PV and wind 

2050 

1,256 

2040 

916 

123 

2030 

587 

61 
90 

2020 

304 

101 
23 65 
115 

2010 

BASELINE 
Cumulative capex by technology, EUR billions 
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~30% of the capex is required for  

wind and solar PV in the 40% RES pathway 

116 

2010 

0 
0 0 0 0 

2050 

1,869 

2040 

1,426 

187 

2030 

885 

133 

2020 

305 

68 50 

Solar PV and wind 

Other RES 

Nuclear 

Fossil 71 

40% RES PATHWAY 
Cumulative capex by technology, EUR billions 
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More than half of the capex is required for wind  

and solar PV in the 60% RES pathway 

Fossil 

Nuclear 

Other RES 

Solar PV and wind 

2050 

2,361 

2040 

1,782 

232 

2030 

1,096 

143 
113 
161 

2020 

418 

50 19 81 

2010 

0 
0 0 0 0 

60% RES PATHWAY 
Cumulative capex by technology, EUR billions 
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More than 70% of the capex is required for  

wind and solar PV in the 80% RES pathway 

Fossil 

Nuclear 

Other RES 

Solar PV and wind 

2050 

2,619 

150 
177 

2040 

1,953 

109 
196 

2030 

1,217 

69 38 
200 

2020 

510 

22 19 86 

2010 

0 
0 0 0 0 

80% RES PATHWAY 
Cumulative capex by technology, EUR billions 
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Annual capex requirement for the 60% RES pathway  

represents ~2% of total European investments 

100 

432 

292 

2,059 

Description 

▪  Total capex in 2010 for all industries 

▪  Total investments in EU road 
infrastructure in 2007 

▪  Total investments in EU rail 
infrastructure in 2007 

▪  Required capex in 2010 for EU 
upstream and midstream oil & gas 
industry 

▪  Required capex in 2010 for EU 
power, gas & water industry 

▪  Fixed and mobile capex in 2010 for 
EMEA service providers 

▪  Required capex for baseline pathway 
that reaches 34% RES, 49% coal/
gas, and 17% nuclear by 2050 

▪  Required capex for 60% RES 
pathway that reaches 60% RES, 20% 
nuclear, and 20% CCS by 2050 

Source 

▪  Oxford Economics 

▪  OECD / International 
Transport Forum 

▪  OECD / International 
Transport Forum 

▪  WIS Global Insight 

▪  WIS Global Insight 

▪  OVUM 

▪  McKinsey Power 
Generation Model 

▪  McKinsey Power 
Generation Model 

Type of investment 

Total EU investments 

Baseline pathway 

60% RES pathway 

Power, gas & water 

Oil & gas 

Telecom 

Road infrastructure1 

Rail infrastructure1 

Current 

share of 

total 

Percent 

1.4 

2.0 

4.8 

2.8 

4.6 

2.8 

1.4 

Annual capex requirement 

EUR billions, 2010 

SOURCE: Team analysis 

1 Forecast for 2010 capex requirement not available for road and rail infrastructure investments; 2007 actual data is used instead 
2 Average yearly capex requirement from 2011 to 2020 
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A high share of nuclear energy reduces the cost by 15% 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

1 Cost of electricity with a WACC of 7% (real after tax);     
2 About 2% Coal CCS retrofit due to existing and planned coal plants that need to be retrofitted; nuclear is therefore amounting to ~58% in total;     
3 About 1% of nuclear still existing in 2050; coal and gas CCS are therefore amounting to ~59% in total 

SOURCE: Team analysis 

40% RES 
15% Coal CCS 
15% Gas CCS 

30% nuclear 

-11 
40% RES 
60% nuclear2 

40% RES 
30% Coal CCS3 

30% Gas CCS3 
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A change in fuel prices impacts the baseline twice as much and a 

change in WACC has more impact on the 60% RES pathway 

Baseline  60% RES  

-8 

-7 

4 

-4 

-11 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

Base assumptions 

Fuel price1 

+25% 

-25% 

1 Coal, gas, uranium 

WACC  

9% 

5% 
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A change in fuel prices impacts the cost in the baseline twice  

as much as in the 60% RES pathway 

Baseline  60% RES  

-8 

4 

-4 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

Base assumptions 

Fuel price1 

+25% 

-25% 

1 Coal, gas, uranium 
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A change in fuel prices impacts the cost in the 40% RES pathway 

twice as much as in the 80% RES pathway 

40% RES  80% RES  

5 

-5 

2 

-2 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

Base assumptions 

Fuel price1 

+25% 

-25% 

1 Coal, gas, uranium 
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Low carbon technologies are sensitive to changes in WACC 

SOURCE: Team analysis 

Nuclear 

Central 

solar PV 

Iberia 

Wind 

onshore 

-16% 

-20% 

9% 7% 5% 

-15% 

-11% Coal with 

CCS  

(2020) 

Weighted Average Cost of Capital 

Average CoE of new builds from 2010 to 2050, EUR/MWh, example for Iberia 



301  

With a higher share of capex, a change in WACC impacts  

the 60% RES pathway more than the baseline 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 2050, EUR/MWh 

Baseline  60% RES  

-7 -11 

Base assumptions 

WACC  

9% 

5% 
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A change in WACC of 2pp has an impact on the CoE  

of 10-15% in the decarbonized pathways 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 2050, EUR/MWh 

40% RES  80% RES  

11 

-10 -12 

Base assumptions 

WACC  

9% 

5% 
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A change in capex impacts the 60% RES pathway more than the 

baseline 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

Baseline  60% RES  

-7 -13 

Base assumptions 

Capex  

+25% 

-25% 
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A change in capex impacts the 80% RES pathway more than the 

40% pathway 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 20501, EUR/MWh 

40% RES  80% RES  

10 

-10 -14 

Base assumptions 

Capex  

+25% 

-25% 
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Halving the solar learning rate increases average cost by 10-15% 

Base assumptions 

Learning rate 

solar PV 

Learning rate 

all 

technologies  

-50% 

+50% 

-50% 

+50% 

80% RES pathway 60% RES pathway  

12 

-5 

-9 

-8 

12 

-12 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 2050, EUR/MWh 
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Halving the solar learning rates has a small impact of less than 5% 

on the baseline and the 40% pathway 

40% RES pathway Baseline 

2 

0 

0 

1 

5 

-2 

2 

4 

SOURCE: Team analysis 

Average CoE of new builds from 2010 to 2050, EUR/MWh 

Base assumptions 

Learning rate 

solar PV 

Learning rate 

all 

technologies  

-50% 

+50% 

-50% 

+50% 
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Catering for extreme weather conditions and different generation 

and transmission capacities have big impact on total CAPEX 

64 

53 

>100 
24 

Base 
assumptions 
(80% RES, 
20% DR) 

200 

105 

Interregional Transmission investments 

Additional generation investments 

One day no 
wind, 

 dry hydro 

Replace 25% 
solar PV by 

wind 

50% less 
transmission, 

offset by storage2 

Higher grid cost1 Low CCS plant 
flexibility 

SOURCE: Imperial College, KEMA, team analysis 

1 Increase in share of cable to 50% (post modeling adjustment) 
2 Assuming provided by pumped storage technology, cost derived based upon an estimate of $1000/kW capacity, compressed air technology would be 

a similar cost. NaS batteries ~$3000/kW Source: ESA website, paper by AIChe “Massive Electricity Storage Makes $ense”, February 2010 

Required transmission and generation investments relative to base case 80% RES, 20% DR,  
Cumulative capex, 2010-2050, EUR bn 

Storage investments 

Increased 
storage 
losses in 
operating 
costs shown 
here 
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▪  Base case 
 535 TWh/yr 
▪  Dry 

 428 TWh/yr 

In case of extreme dry and no-wind conditions, required generation 

capacity is up to ~6% higher 

Input assumptions for 

sensitivity analysis 

▪  Base case: Based on 
2008 data 

▪  Low wind 
 - 1 d of 50% less wind 
▪  No wind 

 - 1 d of no wind  
 - 3 d of no wind  

at peak demand across 
total EU-272 

New  

transmission 
capacity  

GW 

Generating 

capacity 
GW1 

1 Additional generating capacity is OCGT or thermal equivalent 
2 The probability of low or no wind conditions at peak across total EU-27 is very low.  Concurrent wind lulls of -50% were not observed at 6 major wind 

parks (Noordwijk, Blavandshuk, Veiholmen, Copenhagen, Cadiz, A Coruña) during 3 years  

Wind 

Hydro in total EU-27 
No wind 
(3d), dry 

127 

0 

0 

0 

Low wind 
(1d), dry 

80% RES,  
20% DSM 

No wind  
(1d), dry 

10 

1,785 

112 

124 

2,056 271 

+6% 

SOURCE: Imperial College, KEMA, team analysis 

Generation capacity based  
on generation model 

Additional generating  
capacity for back up 

80% RES PATHWAY, 20% DR 

Capacity 2050, GW 

Requires 
€ 39 bln 

Now 
included as 
part of the 
base case 
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Concurrent wind lulls of -50% at locations across Europe are rare 

SOURCE: Archer & Jacobsen (2005): Evolution of global wind power 

-12.5% -37.5% -25.0% -50.0% 

All location 

average1 

Location 

specific 

average2 

1 5.5 m/s 
2 Noordwijk: 7.3 m/s, Blavandshuk: 7.0 m/s, Veiholmen: 6.9 m/s, Copenhagen: 5.3 m/s, Cadiz: 4.2 m/s, A Coruña: 4.0 m/s 

Deviation of average wind speed 

n = 1,067 

Days with concurrent wind lulls at six major wind farm 

locations at peak, June 2003 to June 2006 

% 

BACK UP 
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Replacing solar PV by wind lowers balancing needs 

Transmission 

investments 
Additional generation 

capacity 
Annual operating 

cost 

105 
80% RES,  
20% DSM 

Replacement 
of 25% solar 
by wind1     

-23% 

3 

+5% 

2 

-2% 

SOURCE: Imperial College, KEMA, team analysis 

1 Replacing 25% of solar PV by wind (80% reduction in Iberia and 12% reduction in rest of Europe). Replaced by increase in on- and off-shore wind 

EUR bn 

Required France-Iberia interconnection is reduced by ~45%, 

from 45 GW to 24 GW  
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UK & Ireland 30 

Italy & Malta 25 

South East Europe 

Poland & Baltic 

Mid-Europe 

Benelux &  
Germany 

31 

Nordel 

Iberia 16 

France 10 

Required 

capacity 

GW 

Required 

energy 

TWh 

Resulting storage requirements per region2 

Total 126 47 

Effects of halving 

transmission capacity1 

▪  Curtailment of renewables 
increases from 3 to 15-20%. 
Especially solar energy from 
Iberia cannot be used 
optimally 

▪  Curtailment leads to 

insufficient generation 

▪  Mitigating options include 

–  Adding storage capacity 
(as described to the 
right) 

–  Adding/changing the 
generation capacity mix 
or moving it to other 
regions 

80% RES, 0% DR  

14 

1 Assuming a 50% reduction in capacity for transmission 
2 Excluding existing capacity (less than 10% of required capacity) 

Region 

Halving transmission capacity increases renewable curtailment and 

requires additional generation, storage can be used to avoid both 

effects 

SOURCE: Imperial College, KEMA, team analysis 
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Reduced CCS plant flexibility of 50% of today’s fossil plants has 

only minor impact on the need for additional capacity 

SENSITIVITY ANALYSIS 

Input assumptions 

for sensitivity 

analysis 

SOURCE: Imperial College, KEMA, team analysis 

80% RES, 0% DR  

Transmission 

investments 

EUR bn 

Additional 

generation 

investments1 

EUR bn 

Annual 

operating cost 

EUR bn 

Lower CCS  
flexibility 

80% RES,  
0% DSM  
base case 

0 

139 

0% 

0 

0% 

101 

2 

+2% 

RES  

curtailment 

% 

3.2 

3.9 

1 Total installed generation capacity (excl. OCGT): 1731 GW, of which CCS plant capacity 79 GW and nuclear capacity 62 GW 

Coal/gas CCS 

▪  50% lower ramp 
up and down 
rates than today 
without CCS 

▪  50% longer up 
and down times 
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Changes in grid average could double transmission cost 

Transmission investments 

EUR bn 2010-2050 

13 

127 

SOURCE: KEMA, team analysis 

50% cable4  
and 50% DC 

100 

Base assumptions1 

50% cable3 

1,000 

50% DC2 

1 Assumes 25% DC, 20% underground cable, 6% subsea 
2 With same ratio overhead line to cable and 6% sub sea 
3 With same ratio AC/DC and 6% sub sea 
4 High cable and high DC (~50%). When moving to a more DC based system, you tend to have greater cable component of longer distance DC cables instead of more 

expensive shorter distance AC cables. resulting in lower cost 

Average grid cost 

EUR/MW/km 

80% RES PATHWAY, 20% DR 



314  

Several uncertainties affect the optimal mix of technologies 

SOURCE: Team analysis 

Potential impact Potential mitigation Uncertainties 

Fossil fuel prices 

decrease due to 
less (global) fossil 
use 

Conventional plants become 
more attractive, making 
RES less attractive 

▪  More use of fossil plants 
(dampens this effect) 

▪  Higher CO2 price  

▪  More use of CCS 

More RES and more early 
retirements 

▪  Maintain mixed bag of 
technologies 

▪  Aim for high RES 

CCS does not 
materialize or 
nuclear is 
abolished 

Learning rates of 
(some RES) flattens 

Higher cost of electricity, 
stalling investments 

▪  More R&D investments 

▪  Higher CCS or nuclear share 

Grid extensions 
constrained 

Higher curtailment of solar 
and wind and more 
additional generating 
capacity required 

▪  Additional storage capacity or 
more flexible demand per region 

▪  Optimize balance of RES 
installed to minimize energy 
exchange 

Fossil fuel prices 
become more 
volatile 

Thermal plants less 
attractive, more economic 
shocks 

▪  Higher RES or nuclear share 

▪  Price hedging 

▪  New market pricing 
mechanisms 

NOT EXHAUSTIVE 



315  

Contents of the power supply deep dive chapter 

Calculation methodology for Generation and Grid 

Input assumptions of the power pathways 

Technical description by pathway in 2050 

Implications on the economics 

Sensitivities 

Energy security outputs 

Power baseline and decarbonization pathways 

Power supply in all pathways 

5 

C 



316  

Coal and gas demand for power generation reduces by 40 to 60% in 

the high RES pathways 

SOURCE: Team analysis 

Coal demand 

for power1 

Mtonnes per 
year 

Gas demand 

for power2 

BCM per year 

60% RES 

80% RES 

Baseline 

40% RES 

Baseline 

40% RES 

2040 2050 2020 2030 

80% RES 

2010 

60% RES 

1 Coal demand in 40% RES pathway increases after 2030 due to: increasing coal share (1 percentage point) combined with increase in total power demand;  excluding 
balancing requirements  

2 For CCGTs only, excluding balancing requirements 
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Coal and gas demand for power generation reduces by 40 to 60% in 

the high RES pathways 

SOURCE: Team analysis 

Coal demand 

for power1 

Mtonnes per 
year 

Gas demand 

for power2 

Mmmbtu per 
year 

80% RES 

60% RES 

40% RES 

Baseline 

0 

2050 2040 2030 2020 2010 

80% RES 

60% RES 

40% RES 

Baseline 8,000 

6,000 

4,000 

2,000 

1 Coal demand in 40% RES pathway increases after 2030 due to: increasing coal share (1 percentage point) combined with increase in total power demand;  excluding 
balancing requirements  

2 For CCGTs only, excluding balancing requirements 
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Coal demand 

for power1 

Indexed to 100 
in 2010 

Gas demand 

for power2 

Indexed to 100 
in 2010 

80% RES 

60% RES 

40% RES 

Baseline 
-47% 

2050 

60% RES 

2040 2030 2020 2010 

80% RES 

40% RES 

Baseline 

-49% 

1 Coal demand in 40% RES pathway increases after 2030 due to: increasing coal share (1 percentage point) combined with increase in total power demand;  excluding 
balancing requirements  

2 For CCGTs only, excluding balancing requirements 

Coal and gas demand for power generation reduces by 45 to 75% 

compared to 2010 in the 60% and 80% RES pathways 
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Methodology to calculate fossil fuel demand changes 

Calculate changes in 
fossil fuel demand 
due to efficiency 
improvements on top 
of baseline on the 
basis of GCC  

Calculate changes in 
fossil fuel demand 

due to fuel shift 
assumptions in 

buildings,. Industry 
and transport  

Calculate changes in 
fossil fuel demand due 

to the economic-
optimization of 

production choices by 
all sectors of the 

economy given new 
prices and constraints 

Oxford Economics full methodology 

GCC – efficiency only 

SOURCE: Team 
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Demand for fossil fuels across all demand sectors 
Mtoe 

Coal 

Oil  

Gas 

2050 2040 2030 2020 2010 2000 

-60 to 75% 

Baseline 

Evolution of final demand for fossil fuels in the decarbonized 

pathways 
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Total final demand for fossil fuels is reduced by  

60-80% in the pathway 

SOURCE: Team; Oxford Economics; GCC 

800 

600 

400 

200 

1,400 

1,200 

1,000 

0 

Efficiency 

Oxford  
economics 

Baseline 

Total final demand all fossil fuels 
Mtoe 

-76% 
-60% 
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Total final demand for gas is reduced 60-80% 

Total final demand gas 
Mtoe 

Efficiency 

Oxford  
economics 

Baseline 

-75% 
-60% 

SOURCE: Team; Oxford Economics; GCC 
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Total final demand for coal is reduced 50-80% 

Efficiency 

Oxford  
economics 

Total final demand coal 
Mtoe 

-78% 

-53% 

SOURCE: Team; Oxford Economics; GCC 
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Total final demand for oil is reduced 60-80% 

Efficiency 

Oxford  
economics 

Total final demand oil 
Mtoe 

-76% 
-62% 

SOURCE: Team; Oxford Economics; GCC 
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Total final demand of fossil fuels– Oxford 

Total final demand of fossil fuels (Mtoe) 

900 

800 

700 

600 

500 

400 

300 

200 

1,300 

1,200 

1,100 

1,000 

100 

0 

Oil  

Coal 

Gas 

2050 2040 2030 2020 2010 2000 1990 

-60% 

Baseline 

60% pathway 

SOURCE: Team; Oxford Economics; GCC 
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Total final demand – GCC 

2000 

Oil  

Coal 

1990 

Gas 

2050 2040 2030 2020 2010 

Total final demand of fossil fuels (Mtoe) 

-76% 

Baseline 

60% pathway 

SOURCE: Team; Oxford Economics; GCC 
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Contents 

Objectives of the European “2050 Roadmap” project 

Methodology and approach 

Energy, power and emissions baseline for EU-27 up to 2050 

Abatement requirements by sector to reach the -80% target 

Comprehensive comparison of all pathways 

Implications for the next 10 years 

Power baseline and decarbonization pathways 

Logic and approach of the power deep dive 

Power demand and assumptions for all pathways 

Power supply in all pathways 

Visionary pathway for the power sector 

1 

2 

3 

4 

5 

6 

7 

B 

A 

D 

C 
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Decarbonization of the power sector is assessed quantitatively using 

current technologies and qualitatively assuming discontinuities 

Extrapolation 

using today’s 

technologies 

Discontinuity / 

breakthrough 

▪  Assessment whether an 80% 
reduction is possible with today’s 
technologies and at what cost 

▪  Comparison of decarbonization 
pathways on economic and 
security of supply metrics 

▪  Indication of required construction 
and investments by decade 

▪  Assessment of short team 
measures that fit with the long-
term vision 

What it allows 

▪  Understanding how alternative 
futures could look like 

▪  Testing of measures for 
robustness against dramatically 
different situations 

▪  Extrapolation of energy and power 
demand from 2010 to 2050  

▪  Back-casting from 80% reductions in 
2050 to today 

▪  Applying a mix of technologies that are 
in late stage development or further 

▪  Extrapolating power generation cost 
based on learning rates that are tested 
with industry 

▪  Designing a grid with equal reliability as 
today 

What it covers 

▪  Testing potential discontinuities in 
demand and security of supply 

▪  Possible breakthrough supply 
technologies (performance, costs and 
potential) 
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One 100% RES scenario is evaluated 

Replace non-RES in 80% RES pathway 

with solar and wind  

Replace non-RES in 80% RES with CSP 

from North Africa and EGS 

Description ▪  25% less solar PV power production as in 
80% RES pathway (~14% of power 
demand) as 18% target might be too 
optimistic 

▪  Remaining gap to reach 100% RES 
penetration by 2050 is being filled up by 
wind on- and offshore in equal shares 
(~36% of power demand) 

▪  15% of total power demand in 2050 
derived from North African solar CSP that 
is being transported via extensive power 
lines to Southern Europe 

▪  Major technological breakthrough makes 
enhanced geothermal available on a 
large scale by 2050 - providing 5% of 
total power demand 

Challenges ▪  Increasing wind production volume 
compared to 80% RES pathway leads to 
technical, economical and environmental 
challenges 

▪  Sufficient research and grid investments 
▪  Sufficient construction resources 

(equipment, people, know-how) 

Cost impact ▪  Higher capex and lower opex might 
roughly offset each other 

▪  Higher share of intermittent power 
sources will make additional investments 
into grid infrastructure necessary (e.g., 
storage, balancing) 

▪  Higher grid costs due to transmission 
lines between North Africa and Europe 

▪  Capex and opex assumed to stay at 
same level for solar CSP and EGS as 
respective costs for coal and gas in 80% 
RES pathway 

SOURCE: Team analysis 

Evaluated in the report 
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1 Coal (5%), gas (5%) and nuclear power (10%) replaced by 15% solar CSP from North-Africa (~700-800 TWh (similar as Desertec) and 5% enhanced 
geothermal (assumed to be spread over the region relative to the estimated potential). CSP CoE assumes 75% improved irradiation compared to 
Iberia 

SOURCE: KEMA, Desertec, team analysis 

3 
Grid connection to  
North Africa 

90 - 95 
Total CoE in the  
100% RES scenario 

1 
Strengthening of  
EU grid 

Cost of back up plants  2 

Total generation CoE 86-90 

Additional generation  
cost solar CSP and EGS1 -2 to 3 

Average CoE  
80% pathway 

86 

Conditions 

▪  Technical and economic viability of geothermal 
▪  Technical and economic viability of CSP 
▪  Political viability of power import from North-Africa 

▪  HVDC cables from North Africa to South Europe 

▪  Additional transmission lines 

Average CoE of new builds from 2010 to 2050, EUR/MWh 

100% RES could be about €10 per MWh more costly and relies on 

15% import of power from North Africa 

▪  Back up plants produce 144 TWh/yr at 20%DR 
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1 North African onshore transmission requirements and subsea connections to the European continent, all HVDC 
2 All HVDC transmission with 20% cable and 80% overhead line 
3 Requirements in transmission reinforcements to spread the electricity across the various regions from the Centers of Gravity in Southern Europe 
4 With higher transmission in Europe, back-up requirements with demand response are lower in the 100% RES pathway, with 75 GW, compare to 95 

GW in the 80% RES pathway 

Inter-regional 
transmission 
in EU-273 

430 

Transmission 
in North-Africa 
and subsea to 
EU shore1 

Cost of back-
up capacity4 

Transmission 
from EU shore 
to Center of 
Gravity2 

Total grid and 
back-up cost 
in the 100% 
RES scenario 

-20 

Connections 
to shore for 
offshore 
windparks 

Capex of grid and additional back-up generation capacity, € billion Included in the 80% RES pathway 

Additional cost in the 100% RES scenario 

Adding stable renewable energy sources makes 100% RES 

possible at additional investment cost ~ € 225 billion 

SOURCE: KEMA, Desertec, team analysis 
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Grid investments associated with North-African CSP consist of two 

additional components 

SOURCE: KEMA, team analysis 

Centre of gravity 
N. Afr Solar CSP 

Additional grid investments, 

besides EU grid: 
▪  Transmission cost to take CSP 

from European shore to centre of 
gravity (blue) 
–  10% flows to Iberia 
–  45% flows to South East 

Europe 
–  45% flows to Italy and Malta 

▪  Transmission cost to collect CSP 
in N Africa and take it to the 
coastline of Europe (yellow) 
–  Solar CSP assumed to be on 

average 500 km from the 
coastal connection points 

All assumed to be HVDC connected 

A 

B 

Italy and 

Malta 

South East 

Europe  

Iberia 

A 

B 

Libya Egypt 

Morocco 
Tunisia  
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Grid investments associated with North-African CSP consist of two 

additional components 

SOURCE: KEMA, team analysis 

Centre of gravity 
N. Afr Solar CSP 

Additional grid investments, 

besides EU grid: 
▪  Transmission cost to take CSP 

from European shore to centre of 
gravity (blue) 
–  10% flows to Iberia 
–  45% flows to South East 

Europe 
–  45% flows to Italy and Malta 

▪  Transmission cost to collect CSP 
in N Africa and take it to the 
coastline of Europe (yellow) 
–  Solar CSP assumed to be on 

average 500 km from the 
coastal connection points 

All assumed to be HVDC connected 

A 

B 

Italy and 

Malta 

South East 

Europe  

Iberia 

A 

B 

Libya Egypt 

Morocco 
Tunisia  
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1 Based on a WACC of 7% (real after tax), computed by technology and weighted across technologies based on their production; including grid. LCoE 
ranges are based on: Carbon price from €0 to 35 per tCO2e; Fossil fuel prices: IEA projections +/- 25%; Learning rates: default values +/- 25% 

Baseline 

Average of decar- 
bonized pathways 

Estimated 100% 
RES scenario 

Ranges of the levelized cost of electricity of new builds1,  
€ per MWh (real terms) 

The LCoE of the 100% RES scenario could be 5 to 10% higher than 

the one of the average decarbonized pathways 

SOURCE: Team analysis 
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Various visions exist that could facilitate achievement  

of the 2050 reduction target  

Details follow 
Visions Description 

▪  Breakthrough of (dispatchable) RES technologies reduce grid issues and 
allow CO2-free power production (e.g., solar CSP from North Africa could be 
able to provide 15% of power demand in 2050 when sufficient grid and cost 
reductions are achieved; focused research investments could make enhanced 
geothermal provide significant share of total power demand in 2050) 

▪  Breakthrough in solar PV brings costs down even further  

Supply breakthroughs 

▪  Breakthrough in capturing/processing of CO2 (e.g., geo-engineering or 
extracting carbon directly from the air) 

▪  Economy could simply follow a similar pathway with limited changes in 

current way of living: increase in energy demand, continued use of fossil 
fuels on the supply side, no need for any behavioral change 

Breakthrough in 

avoiding climate 
change 

▪  Buildings demand for electricity decreases radically through aggressive DSM 

and high penetration of heat pumps reduce the emissions from buildings to 
negligible levels 

▪  Industry shifts towards low/zero emitting processes (e.g., biofuels in petro-
chemicals, new processes for cement and steel production, etc.) resulting in no 

need for fuel shift and no CCS requirements  

▪  Higher penetration of biofuels in transportation from algae breakthrough 
leads to attractive economics and reduced need for EVs 

Demand breakthroughs 

SOURCE: Team analysis 

Negative flip-side pathways need to 
be tested, but not as visionary pieces 



336  

There are several promising technologies under development 

1 Enhanced Geothermal Systems  2 Concentrated Solar Power  3 Very large potential past 2050; build-up of 15 plants until 2050 

SOURCE: Team analysis 

EU potential Technology  

EGS1  

Nuclear 
fusion  

Others 

> 1,000 TWh 

100 - 1,000 TWh3 

Description 

▪  Injection of high pressure water into stressed zone of hot dry rock 
reservoir leads to fractures. Heat is transferred to water that is used 
for power generation and then reinjected back into reservoir 

▪  Fusion of light atoms in a plasma. Plasma heat is transferred to 
blankets and diverter which then can be transferred to a 
conventional heat exchanger 

▪  Nuclear Gen IV 
▪  Solar: e.g., solar chimney, solar power satellite 
▪  Biomass: algae or elephant grass 
▪  Gravitational: piezoelectric elements or wheels on mounted on the 

ground that transform vibrations 
▪  Other wind: e.g., flying windmills, up to 15 km high to capture jet 

stream 
▪  Nanotechnology: e.g., micro turbines or solar cells in house paint 

▪  Wave: energy from surface waves by special mechanical devices 
▪  Tidal: kinetic energy from moving water or potential energy from 

height difference between tides 
▪  Ocean thermal: use of temperature difference of ocean water layers 

▪  Salinity gradient: salt concentration difference between river and 
sea 

Ocean 
techno-

logies 
100 - 1,000 TWh 

100 - 1,000 TWh 
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Description and status 1 Future potential 2 

Key barriers 4 Current cost and expected future development 3 

SOURCE: Shell; SETIS; NREL; Deutsches Zentrum für Luft- und Raumfahrt; IEA Energy Technology Perspectives; GeothermEx, Inc.; 
DOE; EGS Energy 

▪  Description:  
–  Traditional geothermal power systems only exploit 

resources, where naturally occurring water and rock 
porosity is sufficient to carry heat to the surface  

–  EGS technologies "enhance" and/or create 
geothermal resources in hot dry rock through 
hydraulic stimulation 

–  Non-intermittent 
–  Status: 
–  First commercial EGS plant operating in Landau  

 (3 MW) 

Enhanced geothermal energy has potential  

of >2,000 TWh in Europe 

▪  Geographies with highest potential in Europe: 
Northern Spain, Southern France, North-West Italy, 
Cornwall (Britain), Eastern Europe 

▪  Commercial availability: 2020 
▪  Estimated European resources (TWh/year):  

 > 2,000 (depending on source - prime sources only or 
overall potential) 

▪  Economic: 
–  High upfront investments combined with high risk of 

early resource depletion 
–  Availability of construction equipment and work force 

very limited 
▪  Others: 

–  Public resistance due to emissions and potential 
earthquakes/earthmovements (e.g., subsurface in the 
city center of Staufen, a Southern-German city, is 
moving up by 1 cm per month probably due to 
geothermal drillings) 

▪  Current cost (EUR/kW): 
–  CAPEX: currently ~5000 EUR/kW as seen at first 

commercial EGS plant in Landau, Germany 
(depending on well depth) 

▪  Future development (EUR/kW): 
–  CAPEX: 3500-4500 EUR/KW (Target capex for 2015) 
–  OPEX: 60-120 EUR/KW/yr  
–  Learning rate: 2.5% p.a. 

▪  Load factor: 82% 

ROUGH ESTIMATES 
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Enhanced geothermal systems have a potential  

of up to 20,000 TWh/year in Europe 

Description of most common technology  Economics and potential  

▪  Technology 

▪  Although the deeper crust and interior of the Earth is universally hot, it lacks 
two of the three ingredients required for a naturally occurring geothermal 
reservoir: water and interconnected open volume for water movement 

▪  Producing electricity from this naturally occurring hot, but relatively dry rock 
requires enhancing the potential reservoir by fracturing, pumping water into 
and out of the hot rock, and directing the hot water to a geothermal power 
plant 

▪  Research applications of this technology are being pursued in the US, France 
(Soultz), Australia, and elsewhere 

▪  Capex (EUR/kW, 2010) 

▪  Fixed Opex (EUR/kW, 2010) 

▪  Load factor (percent) 

▪  Lifetime (equipment) 

▪  Overall European resources (TWh/year) 

▪  European resources by region (in percent of total resources) 

▪  Main barriers:  
–  High upfront investments combined with high risk of early resource depletion 
–  Public resistance due to emissions and potential earthquakes/

earthmovements (e.g., subsurface in the city center of Staufen, a Southern-
German city, is moving up by 1 cm per month probably due to geothermal 
drillings) 

–  Availability of construction equipment and work force very limited 

SOURCE: UDI; DOE; EIA; MIT; NREL; RWE; team analysis 

Examples of current projects   

3,500 - 4,500 

60 - 120 

82 

30 

>2,000 

–  SE3  : 10 

–  ME4  : 10 

–  Baltic  : >5 

–  Nordic  : >5 

–  Iberia  : <5 

–  UK  : <5 

–  EE1  : 30 

–  France  : 15 

–  CE2  : 15 

Location  Company  Status  Size (MW)  

Switzerland IWB Planned 5 

Australia Geodynamics Planned 40 

Italy (11 projects at 6 
different locations) 

Enel Planned >340 

1 Eastern Europe    2 Central Europe    3 Southern Europe    4 Central Europe 

ROUGH ESTIMATES 
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Description and status 1 Future potential 2 

Key barriers 4 Current cost and expected future development 3 

SOURCE: McKinsey Knowledge Effort on Nuclear Fusion 

▪  Description:  
–  Process of energy generation of the sun – fusion of 

light atoms (Deuterium and Tritium) in a plasma; the 
plasma heat is transferred to the blankets and divertor 
and this can be transferred to a conventional heat 
exchanger; unlimited fuel 

–  Non-intermittent 
–  Physics/economics favor large sizes (1,5 – 3,0 GWe) 
–  Capactiy factor: 75%; lifetime 40 years 

▪  Status: 
–  Creation of plasma and fusion proven hence not 

sustainable yet; Pilot plant (ITER) under construction 
in Cadarache-France (without the conventional part, 
i.e. no electricity will be produced) 

Nuclear fusion has a potential of 300 TWh  

in Europe in 2050 

▪  Geographies with highest potential in Europe: All of 
Europe feasible, limited by technical capabilities and 
infrastructure 

▪  Commercial availability: > 2035 
▪  Potential (TWh/year):  

–  2020:  
▫  0 

–  2030:  
▫  0 

–  2050: 
▫  Limited by speed of rollout; e.g. 15 plants in 15 

years would add up to 300 TWh production 

▪  Technology: 
–  Highly complex system 
–  Divertor, blanket, first wall with large technological 

challenges and material sustainability challenges due 
to heat, to be proven 

▪  Economic: 
–  Large capex per plant required; for 3 GWe plant 7-12 

billion EUR initial investment per plant 
▪  Waste: 

–  Production of low level nuclear waste 

▪  ~2035 cost (EUR/kW): 
–  ~5000 
–  8% learning rate 

▪  Future development (EUR/kW) – target cost: 
–  2500 EUR/kWe (64th plant) 

▪  OPEX 
–  10-15 EUR/MWh 

ROUGH ESTIMATES 
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Description and status 1 Future potential 2 

SOURCE: SETIS; MacKay; IsleNet; European Ocean Energy Association; IEA Energy Technology Perspective; McKinsey knowledge initiative on 
wave and tidal; expert interview; team analysis 

▪  Description:  
–  Energy is withdrawn from surface waves by special 

mechanical devices (e.g., terminator, point absorber) 
–  Better load predictability than wind and/or solar 

(ocean measurement/forecasting techniques over 
long distances need to be developed/implemented) 

–  Intermittent 
–  Load factor: 20 - 45% (depending on location) 
–  Lifetime: ~ 20 years; Size per unit: 10 kW - 2 MW 

▪  Status:  
–  No commercial-scale projects operating yet (~ 4 MW 

total installed European pilot plants in 2008) 
–  50 types of wave energy converters designed, but 

only 10 at full scale prototype stage 

Wave energy has an estimated potential  

of <800 TWh/year in Europe 

▪  Geographies with highest potential in Europe: 
Norway, Scotland, Ireland 

▪  Commercial availability: 2020 
▪  Estimated global economically exploitable resources 

(TWh/year): < 2,000 (up to 800 in Europe) 
▪  Expected build-up of production (TWh/year): 

–  2020: 
▫  2 - 40 (SETIS, Europe) 
▫  4 - 10 (McKinsey; worldwide) 

–  2030: 
▫  3 - 64 (SETIS, Europe); > 30 TWh (expert) 
▫  5 - 50 (McKinsey; worldwide) 

–  2050: up to 400 (worldwide) 

▪  Technology: 
–  Appropriate grid infrastructure is main barrier for wave 

technology 
–  Slow technology learning 

▪  Suitable locations: 
–  Potential conflicts for use of coastal space with other 

maritime activities 
▪  Cost: 

–  High O&M cost 

▪  Current cost (EUR/kW): 
–  CAPEX: 2,500 - 7,000 (site- and technology-specific) 
–  OPEX: Very high - could account for 50% of entire 

cost 
▪  Future development (EUR/kW): 

–  2020: 
▫  CAPEX: 2,000 - 5,500 (20% cost reduction until 

2020 - Carbon Trust) 
–  2030: 
▫  CAPEX: 1,500 - 3,500 

–  2050: 
▫  CAPEX: 1,500 - 2,500 1 Average CAGR as of SETIS' and McKinsey's high pathways from 2020 - 2030 (~10%) applied to 50 TWh of McKinsey's high pathway potential in 

2030 

ROUGH ESTIMATES 

Key barriers 4 Current cost and expected future development 3 
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Description and status 1 Future potential 2 

▪  Description:  
–  Two main categories of tidal power systems 
▫  Tidal current systems make use of the kinetic 

energy of moving water to power turbines 
▫  Tidal barrage systems use of potential energy in 

height difference between high and low tides  
–  Intermittent 
–  Better load predictability than wind and/or solar 
–  Lifetime: 25 years (tidal current); > 50 years (tidal 

barrage) 
▪  Status: 

–  Tidal current: commercial scale prototypes (~ 2 MW 
total installed European pilot plants in 2008) 

–  Tidal barrage: 1 operating plant in France (240 MW) 

Tidal current energy has an estimated potential  

of 50 - 100 TWh/year in Europe 

▪  Geography with highest potential in Europe: Scotland 
▪  Commercial availability: 2015 
▪  Estimated global resources (TWh/year): 

–  Tidal current: > 800 (50 - 100 in Europe) 
–  Tidal barrage: > 300 

▪  Expected build-up of production of tidal current 
(TWh/year):  
–  2020:  
▫  4 - 9 (McKinsey) 

–  2030:  
▫  4 - 21 (McKinsey) 

–  2050: ~ 100 (worldwide) 

▪  Technology: 
–  Development of commercial projects 
–  Development of site-independent technologies 
–  Reliability and durability of components in harsh 

weather conditions 
▪  Suitable locations: 

–  Mapping potential sites/resource assessment 
–  Potential conflicts for use of coastal space with other 

maritime activities 
–  Very limited number of sites account for majority of 

tidal stream potential 

▪  Current cost (EUR/kW): 
–  CAPEX tidal current: 4,500 - 7,000 
–  CAPEX tidal barrage: 1,500 - 2,500 

▪  Future development (EUR/kW) (target cost): 
–  2030:  
▫  CAPEX tidal current: 3,500 - 5,500 
▫  CAPEX tidal barrage: 1,000 - 2,500 

–  2050: 
▫  CAPEX tidal current: 2,500 - 4,000 
▫  CAPEX tidal barrage: 1,000 - 2,000 

ROUGH ESTIMATES 

SOURCE: IEA OES; IEA Energy Technology Perspective; IsleNet; McKinsey knowledge initiative on wave and tidal; expert interview; team analysis 

Key barriers 4 Current cost and expected future development 3 
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Description and status 1 Future potential 2 

SOURCE: IEA OES; NREL 

▪  Description:  
–  Uses temperature difference between deep and 

shallow waters (needs to be > 20°C)  
–  Open-cycle systems boil tropical oceans' warm 

surface water in low-pressure container to rotate 
turbine and generate electricity 

–  Closed-cycle systems use fluid with a low boiling 
point to rotate turbine and generate electricity 

–  Hybrid-cycle systems combine open-/closed cycle 
–  Non-intermittent 
–  Lifetime: 30 years 

▪  Status: 
–  Advanced stage of R&D (test plant e.g. on Hawaii) 

Ocean thermal energy has no potential at all in  

Europe, as water temperature differences are too low 

▪  Geography with highest potential: India, Asia; none in 
Europe 

▪  Commercial availability: > 2030 
▪  Estimated global resources (TWh/year): 10,000 (none 

in Europe) 
▪  Expected build-up of production (TWh/year):  

–  2020:  
▫  0 

–  2030:  
▫  0 

–  2050: 
▫  0 

▪  Technology/environment:  
–  Lack of experience from a larger number of full-scale 

sea-trials on performance and environmental impacts 
–  Electrical grid connection and capacity constraint 

challenges 
–  High reliability and durability of components in harsh 

weather conditions 

▪  Current cost (EUR/kW): 
–  TBD 

▪  Future development (EUR/kW): 
–  TBD 

ROUGH ESTIMATES 

Key barriers 4 Current cost and expected future development 3 
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Description and status 1 Future potential 2 

SOURCE: IEA OES; NREL; IsleNet 

▪  Description:  
–  Energy is retrieved from difference in salt 

concentration at river-sea interfaces 
–  Non-intermittent;  
–  Lifetime: 20 – 50 years 

▪  Status: 
–  Early stage of development 
–  Few preliminary laboratory-scale experiments have 

been developed  
–  First commercial salinity gradient power plant taken 

into operation in November 2009 by Statkraft (~3 kW) 

Salinity gradient energy has an estimated potential  

of ~200 TWh/year in Europe 

▪  Geography with highest potential in Europe: Rhine 
region, Norway 

▪  Commercial availability: > 2020 
▪  Estimated resources (TWh/year):  

–  Global: ~1,700 
–  Europe: ~ 170 

▪  Current cost (EUR/kWh): 
–  TBD 

▪  Future development (EUR/kW): 
–  TBD 

▪  Target cost (EUR/MWh): 
–  70-100 
–  Capex/opex split unclear 
–  Opex: driver for cost is replacement of membranes 

▪  Load factor 
–  Plant supposed to operate 8760 hours per year, 

partially with reduced load, to clean parts of the 
membranes 

▪  Technology/environment:  
–  Lack of experience from a larger number of full-scale 

sea-trials on performance and environmental impacts 
–  Development of semi permeable membrane with high 

efficiency and durability 
–  Currently large investment cost 

ROUGH ESTIMATES 

Key barriers 4 Current cost and expected future development 3 
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Description and status 1 Future potential 2 

▪  Description: 
Building on Gen III, further research conducted to 
improve nuclear safety, improve proliferation resistance, 
minimize waste and natural resource utilization 

▪  Thermal reactors 
–  Very-high-temperature reactor (VHTR) 
–  Supercritical-water-cooled reactor (SCWR) 
–  Molten-salt reactor (MSR) 

▪  Fast reactors 
–  Gas-cooled fast reactor (GFR) 
–  Sodium-cooled fast reactor (SFR) 
–  Lead-cooled fast reactor (LFR) 

▪  All under research, commercial availability expected past 
2035 (VHTR possibly around 2025) 

Others - Nuclear Gen IV could have almost unlimited  

potential in Europe in the long-term 

▪  In the long-term, almost unlimited potential 
▪  100-300 times more energy yield from the same amount 

of nuclear fuel, therefore fuel availability expected  
>1000 years 

▪  Nuclear waste that lasts decades instead of millennia 
▪  The ability to consume existing nuclear waste for 

production of electricity 
▪  The VHTR is also being researched for potentially 

providing process heat for hydrogen production. The fast 
reactors offer possibility to burn actinides to further 
reduce waste and be able to breed more fuel than they 
consume 

▪  Technological – Material research to be conducted as 
higher pressures and temperatures and high neutron flux 
pose additional challenges (some overlap with fusion 
research) 

▪  Environmental – Amounts of nuclear waste produced by 
reactor will reduce (but not to zero) 

▪  System issues (grid, storage) – none; possible issues  
in high RES case due to limited flexibility 

▪  Energy security – limited, import Uranium from outside 
Europe 

▪  Public acceptance – proliferation and safety concerns 

▪  Current cost (EUR/kW): 
–  Not available yet, target is to become cost competitive 

with Gen III nuclear power plants or even better 

SOURCE: European Environmental Agency Technical Report 2009; Nordic Energy Solutions; IEA Energy Technology Perspectives 

Key barriers 4 Current cost and expected future development 3 

ROUGH ESTIMATES 
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Description and status 1 Future potential 2 

▪  Description:  
–  Wind turbine(s) mounted on a floating platform 
–  Hybrid: floating offshore wave power plant also 

serves as a foundation for wind turbines 
–  Intermittent 
–  Lifetime: 25 years 

▪  Status: 
–  Technology still in investment and testing phase 

("embryonic state")  
–  In Europe, two floating offshore wind farm concepts 

are being developed deep water (200 to 300 metres) 
both based on wind turbines of 3 - 5 MW 

Others - Offshore floating wind energy has an  

estimated potential of up to 3,500 TWh/year in Europe 

▪  Geographies with highest potential in Europe: 
Denmark, UK, France 

▪  Commercial availability: > 2020 
▪  Estimated European offshore wind potential (TWh/

year): 3,500 

▪  Technology: 
–  Electrical grid connection  
–  High reliability and survivability of components in 

harsh weather conditions 

▪  Current cost (EUR/kW): 
–  ~ 20,000 (StatoilHydro pilot project of 2.3 MW turbine 

with costs of EUR 43 Mio.) 
▪  Future development (EUR/kW): 

–  TBD 

ROUGH ESTIMATES 

SOURCE: European Environmental Agency Technical Report 2009; Nordic Energy Solutions; IEA Energy Technology Perspectives 

Key barriers 4 Current cost and expected future development 3 



346  SOURCE: Press search; team analysis 

Others - various other breakthrough technologies  

have been explored (1/2) 

Solar ▪  Solar 
updraft 
tower 

▪  Low efficiency compared to 
other solar technologies 

▪  Durability (e.g., against 
storms) 

Piloted ▪  Air is heated by sunshine around base of 
tall chimney 

▪  Resulting convection causes rising airflow 
to rise through updraft tower and drive 
turbines to produce electricity 

▪  Solar 
power 
satellite 

▪  Technical complexity 
▪  Launch costs 
▪  Safety issues (e.g., misuse 

of microwave beams) 

Idea ▪  Satellites in geostational orbit (~36,000 
km height) with large solar collectors 
produce electricity 

▪  A microwave beam is used to transmit 
energy from satellite to antenna on earth 

Biomass 
▪  Microbial 

fuel cells 
▪  Not suitable for large scale 

plants but interesting where 
biomass is available (e.g., 
breweries) 

Being tested 
in very small 
scale (e.g., to 
power light 
bulb) 

▪  Use catalytic reaction of microorganisms 
to transform chemical to electrical energy 

Being tested ▪  Algae, 
bamboo 

▪  Fast growing bamboo or algae burned 
and converted into steam to generate 
power - potential to overcome biomass 
supply problem 

▪  Growing process for 
biomass 

▪  Public support 

▪  Limited due to lack of 
sunlight in Europe 

Major barriers 

Current 
status Description Technology 

ROUGH ESTIMATES 
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Major barriers 

Current 
status Description 

Gravitational ▪  Piezo-
electric 
sensors, 
spinning 
wheels 

▪  Sensors or spinning wheels are 
integrated into ground to absorb 
vibrations from, e.g., cars and footsteps 
of people and turn it into power 

▪  Technical complexity 
▪  Limited power generation 

potential 

Idea/early 
testing phase 

Wind 
▪  Kites / 

flying 
windmills 

▪  Technical complexity 
▪  Durability in harsh weather 

conditions 

Being tested ▪  Power generating windmills are put up to 
15 km in the air, where strong and 
constant jet stream winds can be used as 
source for huge amount of energy 

Nano 
▪  Turbines 

or solar 
cells in 
house 
paint 

Idea ▪  Technical complexity ▪  Micro turbines or solar cells used in 
house paint to generate power for 
respective building 

Technology 

SOURCE: Team analysis 

Others - various other breakthrough technologies  

have been explored (2/2) 

ROUGH ESTIMATES 
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The Oxford Economics macro-economic model is used  

to asses the impact of power pathways on the economy 

SOURCE: Team analysis 

  Energy demand, efficiency 

  Power demand, efficiency 

  Power generation supply 
over time according to 
different pathways 

  Costs for power over time 

  Costs for shifting to EVs, 
biofuels and heat pumps 

  Employment by unit of 
energy  

  Policy assumptions 

Inputs to the model Outputs from the model 

▪  Economic performance 
–  GDP by pathway 
–  Decomposition of GDP 

changes, e.g., new 
sectors, higher prices, etc. 

–  EU competitiveness 
–  Overall energy prices and 

inflation 
–  Employment in new 

sectors and overall 

▪  Carbon shadow prices 
required to trigger the 
projected energy investment 

Oxford  

macroeconomic 

model 
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The impact on the economy is assessed by a macro-economic 

equilibrium model 

SOURCE: Oxford Economics  

Assess impact on energy 
prices and direct effect 

on cost of energy, 
including CO2 cost 
necessary for fuel shift 

Assess 2nd round 
effect on the price of 
non-energy 
intermediate inputs 
to production 

Assess scope for 
substitution effect 
of factors of 
production 

Supply shock 
Assess the overall 
impact of higher 

cost on firms’ 
supply decisions, 
which determines 
the supply curve 

Demand shock 

Impact on energy prices Impact on other costs Substitution effect 

Overall 
impact  

on EU GDP 

Impact on interme-
diate domestic 

demand for goods  
and  services  
(bought by busi-
nesses in Europe) 

Impact on final 
domestic demand 
for goods and 
services (bought by 

consumers in 
Europe) 

Impact on price 
competitiveness of 
exported goods and 
services due to change 
in cost 

Input by pathway: 
CoE, capex and 

opex for generation 
and grid, fuel shift in 
transport, buildings 

and industry 

Effect of stimulus 
investments not 

taken into account1 

1 Government or industry direct investments (e.g., stimulus packages) have a temporary effect on demand and jobs. An equilibrium model does not 
account for those as it is expected that over the longer run, the positive effect is offset by monetary or inflation effects 
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Macro economics analysis: key insights from the EU 2050 analysis 

▪  Transitioning to a decarbonized economy has relatively little impact on GDP (between -0.2% and + 
1.8%) 

▪  In the decarbonized pathways, the energy productivity is higher than in the baseline 

▪  Early investments in low-carbon technologies could result in increased European clean tech exports. 
This could contribute € 25 billion per year to the GDP until 2020 

▪  Employment in the fossil fuel supply-chain (oil, gas and coal) would reduce in case the European 
fossil fuel production reduces with demand. The job losses could amount to 260,000 jobs by 2020. 
Jobs could be created in the clean tech sector (potentially 200, 000 jobs) and the efficiency sectors 
(potential 220,000 jobs) 

▪  After the transition, the EU27 economy will be more resilient to fossil fuel price fluctuations, thanks to 
a more diversified primary energy supply chain 

▪  If inadequate policy or market failures prevent the achievements of the desired efficiency 
improvements, GDP would be up to € 300 bln per year lower by 2050, eroding the benefits energy 
productivity improvements 

▪  A 25% higher cost of electricity would depress GDP by about € 200 bln per year 

▪  History shows that large innovation episodes can be accompanied by spill-over effects across the 
wider economy, which can add an additional 0.2-1.9% per year to GDP growth. This would apply to 
decarbonization only if the CoE reduces significantly below what has been assumed in this project 

SOURCE: Team analysis 
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EU-27 GDP growth 

SOURCE: Oxford Economics 

Percent 

0.5 

3.0 

2.5 

2.0 

1.5 

1.0 

GDP growth rates are very similar in the baseline and the low-

carbon pathway 

Baseline 

Decarbonized pathways 

Clean tech 
exports push up 

growth  

Intervention 
may mitigate 
the effects of 

higher 
electricity costs 

The economy is more 
energy productive, 
uses less oil and is 

more resilient to fuel 
price fluctuations 

Annual growth (%) 
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EU-27 GDP 

SOURCE: Oxford Economics 

GDP (EUR bn) 

24,000 
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16,000 

14,000 
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2050 2040 2030 2020 2010 

+2% 

GDP remains similar in the baseline and pathways 

60% pathway 

Baseline 
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EU-27 GDP growth 

SOURCE: Oxford Economics, team analysis 

Capex investments may affect short term business cycles 

- Large capex investment 
would contribute to the 
business cycle 
- Caused by ‘stickiness’ of 
markets, which do not 

adapt instantaneously to 
structural changes in the 
economy (in our case the 
transformation of the power 
sector) 
- four phases: 
i) expansion (increase in 
production and prices); (ii) 
crisis (stock exchanges 
crash and multiple 
bankruptcies); (iii) 
recession (drops in prices 
and in output, high interests 
rates);  
(iv) recovery (stocks 
recover because of the fall 
in prices and incomes).  

Short-term 
business cycle 
(qualitative) 

1.0 

1.5 

0.5 

2.0 

2.5 

3.0 

Percent 

baseline 

60% pathway 
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High renewables pathway 

SOURCE: Oxford Economics; team analysis 

Overall GDP differences are small and mostly positive in the high 

renewables pathway  

NOTE: Efficiency and fuel shift investment includes all efficiency levers from McKinsey cost curves (excluding what already in the baseline), further 
penetration of heatpumps in residential and industry and the slow penetration of EVs 

Long-term positive 
effect driven by 
higher energy 

productivity and 
less oil / fossil fuel 

dependency 

2010 2030 2050 

Difference from the baseline 

Short-term negative effect 
due higher energy prices, 

partly compensated by 
clean tech exports 
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NOTE: Energy prices are a weighted average of prices faced by consumers weighted by the shares of consumption of different fuels 

Energy cost per unit of GDP output, € (real terms) 

Decarbonized 
pathways 

Baseline 

2050 2040 2030 2020 2010 2000 

-25% 

-15% 

Lower energy cost in the 
decarbonized pathways due to 
improved productivity and less 
GHG emissions which reduce 
the impact of the carbon price 

Energy cost decreases in the baseline, but even more so in the 

decarbonized pathways 
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Energy cost per unit of GDP would increase less in the decarbonized 

pathways if efficiency and fuel shift is realized 

NOTE: Energy prices are a weighted average of prices faced by consumers weighted by the shares of consumption of different fuels 

Energy cost per unit of GDP output, EUR (real terms) 

Decarbonized 
pathway 

Baseline 

-24% 

-8% 

Already by 2020 the overall 
energy bill for the economy 
starts decreasing 

Lower energy cost implies improved 
productivity and competitiveness across 
the economy 

Alternative slide 
with other energy 
inflation factor 
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Contribution to GDP (real EUR billion) in each year 

Clean-tech exports could amount to € 250 bln by 2020 

2040 2020 2030 2010 

SOURCE: Oxford Economics 

NOTE: EU-27 assumed to provide 50% of capex requirements of the rest of the world between 2010 and 2015. After 2020, EU-27 advantage in clean-
tech erodes and EU share of capex goes down to 10% by 2050 

2050 

The cumulated value of clean tech exports 
over the first decade is €250 bn 

(approximately 5 additional “Siemens” and 
3 additional “Iberdrolas”) 

Contribution of clean tech exports to GDP in the high renewables pathways 
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NOTE: Efficiency and fuel shift investment includes all efficiency levers from McKinsey cost curves (excluding what already in the baseline), further 
penetration of heat pumps in residential and industry and the slow penetration of EVs 

2010 2020 2030 

Jobs linked to efficiency and fuel shift investment 

Jobs for additional power capacity (RES+grid) 

Jobs in coal, petroleum, gas and oil supply chain 

Job variations in the decarbonized pathways in ‘000s 
Difference from the baseline 

-260 

+420 

The reduction of employment in the fossil fuel supply chain is more 

than compensated by employment in renewables and efficiency 

SOURCE: Oxford Economics; team analysis 
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EU-27 GDP– effect of a simulated oil price spike  

SOURCE: Oxford Economics 

0.8 
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Decarbonized  
pathway – price shock 

-1.4 

-1.0 

-0.6 

1.0 

0.4 

0.2 
Baseline - price shock 

-1.8 

-1.2 

The economy in the decarbonized pathway would be more resilient 

to a recession ignited by a spike in fossil fuel prices 

2010 

NOTE: fossil fuel price shock is generated by a spike in oil prices, gas and coal prices, all doubling in real terms in 2020 for 3 years 

2020 2030 

Difference in GDP (%) from non shocked GDP path – for each year 

€ 300 bln losses 
avoided over the crisis 

Effect of a 
simulated fossil 

fuel spike 
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Sensitivities on fossil fuel prices are run on the basis of IEA’s 

assumptions 

In the pathways 

demand for fossil 

fuels is reduced 
by 60-70% 

Fossil fuel 
producers are 
not able to 
reduce supply 
strongly enough 

IEA projections 

Fossil fuel 
producers 
manage to 
reduce supply 
drastically 

Fossil fuel 
prices would 
decrease 
substantially 

Fossil fuel 
prices increase 
substantially 

Sensitivity analysis: 

IEA projections +/-50% 



362  

Oil prices  

SOURCE: Oxford Economics 

$ per barrel – real 2008 US$ 
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Sensitivity analysis is based on higher and lower oil prices  

2010 2030 2050 

The 100% difference in 
oil price is built up 
gradually between 
2010-50 

Higher oil price shock 
can be thought of as a 
peak oil world where the 
marginal cost of 
extraction increases 
significantly over time 

Lower oil price shock is 
a world in which new 
techniques make oil 
extraction a lot cheaper 
or geopolitical conditions 
improve drastically 

NOTE: in the lower oil price scenario switch to EVs needs to be forced in the model as not any longer economical 
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EU-27 GDP 

SOURCE: Oxford Economics 

Percent difference from baseline/pathway 
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The pathway is more resilient to a gradual doubling of fossil fuel 

prices and benefits less from a gradual halving of prices 

NOTE: in the sensitivity fossil fuel prices gradually become 100% higher (or lower) by 2050  
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Efficiency: halving achievements, doubling cost1 

1.0 

-0.5 

-1.0 

2.0 

1.5 

0.5 

-€300 
 bn/yr 

1 Doubling nominal cost of all efficiency improvements (Industry, buildings and EVs); halving efficiency improvements in industry and buildings. 

EU-27 GDP difference from the baseline (%) 

LCoE: 25% higher LCoE levels 

2.0 

1.5 

1.0 

2040 2030 2050 

-0.5 

-1.0 

0.5 

2020 2010 

-€200 
 bn/yr 

Lower efficiency or higher LCoE reduce GDP by €200-€300 billion 

by 2050 

Efficiency and LCoE  
sensitivities 

Decarbonized  
pathway 

SOURCE: Oxford Economics, team analysis 
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EU-27 GDP – overall energy intensity of the economy – average % improvements 

SOURCE: Oxford Economics 

Assumptions to model impact of doubling cost and halving 

efficiency improvements in industry and buildings compared to 

baseline 

% improvement in final energy consumption per unit of GDP 

2030-50 

1,6% 

1,3% 

2,0% 

2010-30 

1,9% 

1,3% 

2,6% Low efficiency sensitivity 

Decarbonized pathways 

Baseline 

NOTE: Low efficiency sensitivity is obtained by doubling nominal cost of all efficiency improvements (Industry, buildings and EVs) and halving efficiency 
improvements in industry and buildings. 
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EU-27 GDP – efficiency sensitivity: halving achievements and doubling cost 

SOURCE: Oxford Economics 

1.5 

1.0 

-1.5 

2.0 

2.5 

-2.0 

-1.0 

0.5 

-0.5 

Decarbonized pathway 

Effect of lower efficiency 

€300 bln/yr 

At half efficiency improvements and double the cost, GDP would be 

€300 bln lower by 2050 

NOTE: Doubling nominal cost of all efficiency improvements (Industry, buildings and EVs); halving efficiency improvements in industry and buildings. 

GDP difference from the baseline (%) 

Failure to achieve 
the efficiency 
improvements 
could erode 

productivity benefits 

Not achieving efficiency 
improvements early on would 
cost € 50 bln a year by 2020 
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EU-27 GDP – COE sensitivity: 25% higher COE levels 

SOURCE: Oxford Economics 
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Pathway 

Pathway with COE +25% 

2050 2030 

-EUR 200bn 

If the COE was to be 25% higher than assumed in the pathways, GDP 

would be 1% lower by 2050, a € 200 bln per year difference 

GDP difference from the baseline (%) 

Higher COE would erode 
the early competitive 

advantage in clean tech 
and some of  the longer 

term productivity benefits 
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Baseline 

Pathways 

Percentage of renewables in total electricity generation - 2050 

Note: Renewables include hydroelectric power 

SOURCE: IEA WEO 2009, team analysis 

US 

China 

India 

Other countries 

Both clean tech export and general competitiveness advantage 

depend on actions outside Europe:  share of renewables across the 

world are based on IEA WEO 2009 ‘450 scenarios’ 
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EU-27 GDP – difference from baseline 

SOURCE: Oxford Economics 

2028 

Assuming low  
clean tech exports 

Decarbonized pathways 

2026 2018 

0.25 

2030 

0.15 

0.20 

0.40 

-0.05 

0.30 

-0.15 

0.05 

0.10 

0.35 

2012 2014 2010 2022 2016 2024 

-0.10 

If Europe has no clean-tech export advantage, the short term 

positive impact is eroded 

NOTE: In the sensitivity we assume that half of the proportion of clean tech is sourced from Europe, both domestically and in the rest of the world 
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The economic effect of past technology innovations has occurred  

in 3 main stages 

SOURCE: Team analysis 

Technological changes raise productivity growth in the 
innovating sector 

I 

New technology causes significant improvement in 
productivity in sectors that embody the new 
technology 

III 

Falling prices encourage investment in capital in the 
innovating sector, causing both the economy to 
expand and productivity to increase 

II 
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Past innovations comparable in size and reach to low-carbon 

technology have common characteristics 

SOURCE: IMF 2001; team analysis 

Key features of economic effect of past technology revolutions 

▪  Short-term capital deepening, thanks to falling prices 

▪  Long-term benefits through wider reorganization of production 

▪  Most gains go to technology users rather than producers 

▪  Technology revolutions are often accompanied by financial 
markets’ excess (rail road, electricity, IT) 

▪  Large potential short-term benefits if prices fall very quickly (IT) 

▪  Benefits spread very quickly if technology is embedded in highly 
tradable products (e.g., IT, textiles) 
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Past innovations have had significant impact on productivity levels 

and contributed to GDP growth 

1996-2000 

1991-95 0.6 

1974-90 0.5 

1919-1929 
0.2 

0.1 

1899-1919 0.3 0.1 

1870-1890 0.3 

1839-1870 0.1 

1780-1860 0.2 

1.9 

0.8 

0.7 

1.0 

0.4 

0.6 

0.2 

0.5 Steam – UK 

Rail roads – US 

Electricity – US 

IT – US 

Capital deepening 

Technological 
progress in production 

Technological 
progress in usage 

SOURCE: IMF, WEO 2001, Chapter 3 

GDP growth impact – % per year 
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Sensitivity analyses highlight that parameters related to energy 

cost and competitiveness are key for the results 

Higher and 

lower fossil fuel 

prices 

▪  fossil fuel prices gradually increase/
decrease to reach a level 50% higher 
by 2050 

▪  Pathway suffers less due to high prices 
(0.6 of GDP saved by 2050) and benefits 
less from lower prices (0.2% of GDP lost) 

Sensitivity lever Effect 

Oil crisis 

▪  fossil fuel price shock is generated by 
a spike in oil prices, gas and coal 
prices, all doubling in real terms in 
2020 for 3 years 

▪  The pathway is significantly more resilient, 
saving 0.5% of GDP at the outset of the 
crisis (over EUR 70 billion a year) 

Lower efficiency 

improvements 

▪  Efficiency improvements are halved in 
industry and buildings, with cost 
doubled (including EVs) 

▪  A doubling of cost and halving of 
achievements imply a cost on overall GDP 
of EUR 50bn and EUR 300bn by 2020 and 
2030 respectively 

Higher cost of 

power 

▪  the cost of electricity increases 
gradually reaching a 50% higher level 
by 2015 

▪  GDP would be 1.6% lower by 2050 with 
higher COE prices. Every additional 10 
Euro on CEO would decrease GDP by 
0.3% (EUR 60 billion a year) 

International 

competitiveness 

▪  The penetration of EU clean tech 
exports around the world is halved. It 
starts from 25% in 2010 to then 
decrease, from 2015 onwards, down 
to 5% by 2050 

▪  Overall impact on GDP is relatively small 
(0.1%) but happens in the early years, 
hence eroding the EUR 250bn clean tech 
contribution to GDP between 2010 and 
2020 
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The story on capital requirements 

Capital requirements are an essential part of the decarbonization implications, and this section highlights the likely 
trends if decarbonization target are followed through. 

This study does not assess the requirements in other sectors in as much details as in the power sector. The estimates 
are focused on the sectors where a significant shift in spending is required for decarbonization. This includes fuel 
production sectors (fossil fuels, hydrogen, biofuels) as well as the transport, buildings and industry sectors. These 
estimates are based on high level assumptions and should be seen as likely trends, not as forecasts in any way. They 
do not attempt to account for all capex expenditures in these sectors.  

The decarbonized pathways require about 40 to 50 percent more capital investments across the entire economy. This 
is the net result of a decrease in expenditures in some of the sectors and an increase in others. The largest reductions 
happen in the fossil fuel sectors where the large drop in demand would lead to lower capital investments (-25%). On 
the other hand, the capital requirements in the power sector will increase by 50 to 85% depending on the pathway, 
which will more than make up for the loss in the fossil fuel sectors. Non-energy sectors will also be significantly 
affected, with efficiency in buildings often very capital intensive, as well as heat pumps. CCS in the industry will also 
require more capital on the plants as well as network developments.  

FOOTNOTE 

▪  In the fossil-fuel production sectors, the drop in demand in translated into a similar proportion in a drop in capital 
investment required  

▪  Biofuels and hydrogen investments are based on the volume of fuel needed in the baseline and decarbonized 
pathways and on the capex per volume of production  

▪  Capital requirements for the efficiency levers are based on the McKinsey Global Cost Curve bottom up calculations 
▪  Heat pumps capital requirements are based on 90% penetration of heat pumps in buildings heating and 10% of 

penetration in industry heat requirements 
▪  CCS requirements are based on plants XX 
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The decarbonized pathways require about €3 trillion 

more capex over 40 years 

2010-50 cumulative capex, EUR billions 

1 Including CCS transport and storage 

Baseline 

~4,200 

270 

570 

0 

0 

0 

1,375 

40 

1,415-1,615 

580 

1,220 

50 

7-30 

0 

Non-energy2 

▪  Efficiency (industry) 

▪  Efficiency (buildings) 

▪  EVs  ‘industry capex’ 

▪  Heat pumps (buildings) 

▪  CCS for industry 

Power supply 

▪  Generation1 

▪  Grid 

Subtotal 

Primary energy supply 

▪  Oil 

▪  Gas 

▪  Coal 

▪  Biofuels and biomass supply 

▪  H2 plants and infrastructure 

~6,900 

RES 60% 

360 

760 

550-1,0502 

340 

240 

2,545 

155 

2,800-3,000 

330-340 

660-800 

25-30 

14-60 

200 

1,880 Subtotal 1,230-1,430 

Total 

0 ▪  Heat pumps (industry) 100 

6.9 

High RES 
pathway 

1.4 

2.9 

Baseline 

4.2 

1.9 

1.5 

0.3 

-25% 

+66% 

Primary energy 

Power 

Non-power 

Consumer 

2010-50 cumulative capex,  

EUR trillions 

Source: IEA WEO 2009 (fossil fuel capex 2010-30, assumed constant 2030-50), McKinsey Global Cost curves, team analysis 

2 Assuming EVs’ batteries and fuel cells for vehicles (total of ~€500 billion) are accounted for as an industry capex 

0-200 ▪  Distribution 100-300 
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The decarbonized pathways require up to 70% more capital for all 

energy sectors, driven by more efficiencies and a shift away from oil 

6,915 

Primary energy 

Power 

Non-power 

Consumer 

Decarbonized  
pathway 

1,415 

2,900 

Baseline 

4,170 

1,885 

1,450 

270 

+66% 

Cumulative capex 2010-50, EUR billions 

SOURCE: IEA WEO 2009 (fossil fuel capex 2010-30, assumed constant 2030-50), McKinsey Global Cost curves, team analysis 

NOTE Excludes additional capex for EV batteries and fuel cells for vehicles (in total approximately EUR 500 billion) 
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Methodology for estimating the impact on capital requirements for 

the fossil fuel industry 

Drop in capex 
requirements 

Drop in demand in 
decarbonized 

scenarios 

Capex requirements Baseline demand 

▪ Assess demand in the 
baseline 

▪ Assess the absolute drop 
in demand in the 
decarbonized scenarios 
based on all levers (e.g., 
efficiency improvements) 

▪ Estimate the capex 
requirements over 40 
years in the baseline 

▪ Assume that the % 
drop in demand is 
reflected in a similar 
amount in a drop in 
capex requirements 

Logic 

Example 

2050 2010 2030 

227 
208 208 

Coal baseline demand  
Mtoe 

105 

2010 2030 

227 

2050 

-54% 

Coal demand in 60% RES  
Mtoe 

24 

2030-
2050 

2010-
2030 

24 

Baseline capex in coal 
industry  

Cumulative in € billions 

Capex in coal industry 
in 60% RES  

Cumulative in € billions 

12 

2030-
2050 

2010-
2030 

17 
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Detailed assumptions on primary energy supply sectors 

2010-50 cumulative capex, EUR billions 

Baseline 

580 

1,220 

50 

7-30 

0 

▪  Oil 

▪  Gas 

▪  Coal 

▪  Biofuels and 
biomass supply 

▪  H2 plants and 
infrastructure 

RES 60% 

330-340 

660-800 

25-30 

14-60 

200 

Source: IEA WEO 2009 (fossil fuel capex 2010-30, assumed constant 2030-50), McKinsey Global Cost curves, team analysis 

Sources Logic  

  Assess demand in the baseline 

  Assess the absolute drop in demand in the 
decarbonized scenarios based on all levers 
(e.g., efficiency improvements) 

  Estimate the capex requirements over 40 
years in the baseline 

  Assume that the drop in demand is reflected 
in a similar amount in a drop in capex 

requirements 

  Oxford economics and GCC 

  GCC  

  IEA WEO 2009 (p105) 

  - 

Sector 

  Volume assumptions are based on the 45% 
penetration of biofuels in the HDV fleet 

  Capex based on the production volume and 
the required capex per plant 

  Alternative calculation based on capex 
recuperation of 70% on the price of biodiesel 

  Volume assumptions are based on the 45% 
penetration of H2 in the HDV fleet 

  H2 vehicles are assumed to have 50% higher 
efficiency than conventional ICEs 

  Capex estimate based on ‘HyWays’ study on 
H2 infrastructure build-up in Europe as a 
proxy, and scaled to EU-2050 assumptions  

  HDV fleet based on the GCC 
assumptions 

  IEA, McKinsey analysis 

  “The Hydrogen Economy – 
Opportunities and Challenges”, 
Chapter 14, M. Ball and 
M. Wietschel (Eds.), 2009 

  HDV fleet based on the GCC 
assumptions 

  McKinsey Biofuels 2.0 

  McKinsey Biofuels 2.0 
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Detailed assumptions on non-energy sectors 

2010-50 cumulative capex, EUR billions 

Baseline RES 60% 

1 WEO 2009 much more aggressive than 2007, effectively decreasing original baseline emission 6.2 (2007) to 5.8. GCC total potential is 1.4 of which 
the crisis takes off 0.1 (Project Catalyst analysis). Hence total emission if all levers were applied would be 4.5 by 2030. The baseline in 2030 with 2009 
data is 5.3 (based on the IEA projections).  Hence 0.8Gt is the potential still achievable with GCC, which means 0.8/1.4=57% of total 

2 800 plants worldwide in 2030, 10% of abatement in Europe, so 80 plants assumed to be located in Europe 
Source: IEA WEO 2009 (fossil fuel capex 2010-30, assumed constant 2030-50), McKinsey Global Cost curves, team analysis 

Sources Logic  

  Bottom up estimates based on the GCC efficiency capex 
requirements in both industry and buildings 

  43% of that potential is already assumed in the IEA 
baseline1 

Sector 

  Buildings heat pumps volume based on 90% penetration 

  Industry volume based on scaling down the buildings 
requirements based on the power savings 

  Heat pump capex at ~350 EUR per kWe (with no significant 
learning beyond 2030) 

  Baseline based on WEO 2009 with no CCS in industry 

  GCC CCS penetration until 2030 (~80 plants2) 
Penetration beyond 2030 grows up to the 35% CCS 
required in industry 

  Beyond 2030, the capex per tonne of capacity of 
abatement is assumed to flatten out (yearly decrease of 
2% down to 0.5% over time) 

270 

570 

0 

0 

0 

▪  Efficiency 
(industry) 

▪  Efficiency 
(buildings) 

▪  EVs‘ industry 
capex’ 

▪  Heat pumps 
(buildings) 

360 

760 

300 

340 

240 

0 ▪  Heat pumps 
(industry) 

100 

▪  CCC industry 

  Cumulative capex for batteries is ~10% of sales in 
automotive industry, where total additional costs of car 
batteries ~2,000 bn EUR 

  Additional cumulative capex for charging infrastructure, 
equal to ~100-200 bn EUR 

  GCC  

  EU 2050 assumptions 

  Buildings volume from GCC 

  GCC assumptions 

  Heat pump specifications from 
manufacturers 

  IEA WEO 2009 

  GCC 

  Team analysis 

  McKinsey analysis 

  McKinsey study: xEV in 
Megacities: Perspective on 
Infrastructure 
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The story on opex evolution 

Energy costs reductions are key to make the transition attractive economically. They will 
have impact across all energy sectors, not just power. Reduction in oil and gas 
consumption are the key drivers to an reduction in opex cost in the decarbonized 
pathways which will be increasing over time.  

With increasing demand for energy and increasing prices opex would likely rise from 0.9 
to 1.4 trillion in the baseline. This growth could be completely shaven by energy cost 
reductions through efficiency and fuel shift. This would lead to savings of 0.6 trillion in 
2050. This figure increases from 0.15 in 2020 and 0.35 in 2030.  
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1,090 

Decarbonized 
pathway2 

720 

100 

265 

Baseline 

1,445 

425 

15 

370 

635 

-25% 

Annual spending on energy, 2050, € billion 

1 Includes biofuels and H2 

2 Includes up to € 100 billion per year in 2050 to account for the additional capex from efficiency, EVs, heat pumps, industry CCS 
3 60% RES / 20% CCS / 20% Nuclear pathway 

SOURCE: IEA WEO 2009 (fossil fuel capex 2010-30, assumed constant 2030-50), McKinsey Global Cost curves, team analysis 

Power2 

Coal 

Gas 

Oil1 

845 

Decarbonized 
pathway2 

370 

10 
125 

340 

Baseline 

925 

275 

15 
225 

410 

-9% 920 

Decarbonized 
pathway2 

490 

10 
120 

300 

Baseline 

1,125 

325 

15 

275 

510 

-18% 

2020 2030 2050 

Annual full cost for energy is lower for the decarbonized pathways 

than the baseline 
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The energy cost of the decarbonized pathways 

Power (TWh/year) 
▪  Traditional 
▪  Fuel shift 
Gas (mtoe/year) 
▪  Industry 
▪  Residential 
▪  services 
Oil (mtoe/year) 
▪  transport 
▪  Ind 
▪  Services 
▪  Biofuels 

Coal 

  Industry 
  Residential 
Hydrogen (TWh/year) 
▪  transport 

Energy cost1 in EUR billion/year 

Baseline RES 60% 

Energy use 

3,675 
0 

91 
115 
53 

373 
40 
33 

2 

39 
5 

0 

3,315 
360 

77-94 
78-80 
37-42 

288-316 
37-41 
27-30 

4 

11-19 
5 

0 

Baseline 

279 
0 

79 
100 
46 

342 
37 
30 

1 

14 
2 

0 

916 

RES 60% 

275 
30 

67-82 
0-68 
0-36 

265-291 
34-37 
25-58 

4 

0-4 
2 

0 

715 - 823 

2020 

93-202 

NOTE: prices – Power:  0.076 EUR/KWh (baseline) 0.083 EUR/KWh (pathway); Gas: 1169 EUR/mtoe; Oil: 1210 $/mtoe; Coal: 398 EUR/mtoe (fossil 
fuel prices  are wholesale average cost, including all supply chain cost); Biofuels: 0.2-0.9 EUR/l; Hydrogen: 0.08 EUR/KWh 

Excludes € 1.8 trillion of capex 
over 40 years for efficiency, heat 
pumps, EVs and industry CCS 
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The energy cost of the decarbonized pathways 

Power (TWh/year) 
▪  Traditional 
▪  Fuel shift 
Gas (mtoe/year) 
▪  Industry 
▪  Residential 
▪  services 
Oil (mtoe/year) 
▪  transport 
▪  Ind 
▪  Services 
▪  Biofuels 

Coal 

  Industry 
  Residential 
Hydrogen (TWh/year) 
▪  transport 

Energy cost1 in EUR billion/year 

Baseline RES 60% 

Energy use 

4,100 
0 

92 
117 
55 

394 
42 
32 

8 

38 
5 

0 

3,380 
720 

67-80 
43-55 
20-32 

194-204 
38-41 
22-27 

21 

0-3 
3-4 

34 

Baseline 

312 
0 

96 
122 
57 

424 
46 
34 

4 

14 
2 

0 

~1,094 

RES 60% 

281 
60 

70-84 
0-58 
0-34 

209-220 
41-44 
24-29 

4-19 

0-1 
1-2 

3 

~705-783 

2030 

311-388 

NOTE: prices – Power:  0.076 EUR/KWh (baseline) 0.083 EUR/KWh (pathway); Gas: 1169 EUR/mtoe; Oil: 1210 $/mtoe; Coal: 398 EUR/mtoe (fossil 
fuel prices  are wholesale average cost, including all supply chain cost); Biofuels: 0.2-0.9 EUR/l; Hydrogen: 0.08 EUR/KWh 

Excludes € 1.8 trillion of capex 
over 40 years for efficiency, heat 
pumps, EVs and industry CCS 
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The energy cost of the decarbonized pathways 

Power (TWh/year) 
▪  Traditional 
▪  Fuel shift 
Gas (mtoe/year) 
▪  Industry 
▪  Residential 
▪  services 
Oil (mtoe/year) 
▪  transport 
▪  Ind 
▪  Services 
▪  Biofuels 

Coal 

  Industry 
  Residential 
Hydrogen (TWh/year) 
▪  transport 

Energy cost1 in EUR billion/year 

Baseline RES 60% 

Energy use 

4,492 
0 

96 
161 

58 

436 
47 
30 
26 

36 
5 

0 

3,210 
1,400 

49-60 
0-43 
0-19 

78-146 
40-44 
10-13 

54 

0 
2-4 

340 

Baseline 

360 
0 

112 
188 

68 

528 
57 
37 

7-30 

14 
2 

0 

~1362 

RES 60% 

260 
110 

57-70 
0-50 
0-22 

94-177 
48-53 
12-16 
15-60 

0 
0.5-1 

25 

~688-814 

2050 

584-674 

NOTE: prices – Power:  0.076 EUR/KWh (baseline) 0.083 EUR/KWh (pathway); Gas: 1169 EUR/mtoe; Oil: 1210 $/mtoe; Coal: 398 EUR/mtoe (fossil 
fuel prices  are wholesale average cost, including all supply chain cost); Biofuels: 0.2-0.9 EUR/l; Hydrogen: 0.08 EUR/KWh 

Excludes € 1.8 trillion of capex 
over 40 years for efficiency, heat 
pumps, EVs and industry CCS 



385  

Contents 

Objectives of the European “2050 Roadmap” project 

Methodology and approach 

Energy, power and emissions baseline for EU-27 up to 2050 

Abatement requirements by sector to reach the -80% target 

Power baseline and decarbonization pathways 

Comprehensive comparison of all pathways 

Implications for the next 10 years 
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Overview of the larger risk factors variations across pathways 

40% RES, 30% 
nuclear, 30% CCS 

60% RES, 20% 
nuclear, 20% CCS 

80% RES, 10% 
nuclear, 10% CCS 

Risk dimensions 

Public acceptance risks 

Risks associated with the 
build up of industries 

NOT EXHAUSTIVE 

Cumulative capital requirements, 2010-2050, € billion (share in total spent, capex + opex) 

▪ 1,990 (24%) ▪ 2,550 (29%) ▪ 2,860 (33%) 

Size of the transmission and 
back-up deployment required 
•    Interregional transmission 
•    Generation back-up capacity   

▪ Nuclear waste issue not solved  
▪ CCS effectiveness and environmental 

risks not accepted 

▪  “Energy nationalism” and NIMBY hampers 
interconnection and renewables policy 
harmonisation across Europe 
▪ Biomass imports and related sustainability issues 

▪ Nuclear/CCS industry cannot ramp up 
fast enough 
▪ CCS storage capacity runs out 

▪ RES industry cannot ramp up fast enough 
▪ Smart grid roll-out and customer response slow 
▪ No effective pricing mechanism installed to attract 

necessary investments 

Higher cost of generation 
•  Nuclear more expensive 
•  Lower CCS learning rate 
•  Lower RES learning rate 

Risk associated to nuclear 
development and production 

(e.g., security, waste) 

Nuclear production, TWh, 2050 

▪ 1,470  

Capacity required, GW 

▪ 50 to 55 
▪ 75 

▪ 85 to 100 
▪ 120 

▪ 125 to 165 
▪ 155 

CCS, nuclear capacity is 3 
times that of the 80% pathway 
so these have the biggest 
impact 

▪ 980 ▪ 490 

RES capacity is about three 
times that of the 40% pathways 

so lower learning rates have the 
biggest impact 

Capital constraints 
•  Competing uses drive up cost 
•  Unavailability of capital for 

nuclear w/o govt support 
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There are arguments for lower and higher RES pathways 

•  Investments are spread across 
a wider range of resource types 
and technologies1; lower 
technology risk concentration 

•  Less dependent on gas and 
coal imports 

•  Less exposure to fossil fuel 
price volatility 

•  Less waste to be managed 

•  Higher public affinity for RES vs. 
other low-carbon options 

•  More cost reduction upside 

•  Less new transmission required 

•  Less capital required 

•  Less transformation required 
compared to today’s system 

•  Less intermittency to manage 

•  Less reliance on emerging 
technology learning rates 

Arguments for low RES 

pathways 

Arguments for high RES 

pathways 

1 CCS, nuclear, solar PV, solar CSP, wind, biomass, geothermal, etc. 


