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We witness the start of the Solar Age 

Comments: 

• Most global energy scenarios 

do not yet see that reality 

• LUT results clearly indicate a 

solar century and PV as the 

key energy technology 

• Europe will follow that global 

trend, depite of good wind 

(and weak policies) 

https://twitter.com/MahdiFasihi
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Global Energy Scenarios: Selected Overview 

source: Child M., Koskinen O., et al., 2017. Sustainability Guardrails for 

Energy Scenarios of the Global Energy Transition, submitted 

Key insights: 

• 100% RE: Greenpeace, WWF, Jacobson et al.: demand strongly deviates, PV and wind dominated, no hourly resolution 

• IEA, WEC, Shell: not COP21 compatible, high nuclear shares, low solar shares, no hourly resolution 

https://twitter.com/MahdiFasihi
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Current status of the power plant mix 

Key insights: 

• new installations dominated by 

renewables 

• nuclear as niche technology for years 

• still some new coal capacities 

• overall trend very positive 

source:  

Farfan J. and Breyer Ch., 2017. Structural changes of global power generation 

capacity towards sustainability and the risk of stranded investments supported by a 

sustainability indicator; J of Cleaner Production, 141, 370-384 

Farfan J. and Breyer Ch., 2017. Aging of European Power Plant Infrastructure as an 

Opportunity to evolve towards Sustainability, International Journal of Hydrogen 

Energy, in press  

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/308080998_Structural_changes_of_global_power_generation_capacity_towards_sustainability_and_the_risk_of_stranded_investments_supported_by_a_sustainability_indicator
https://www.researchgate.net/publication/312523577_Aging_of_European_power_plant_infrastructure_as_an_opportunity_to_evolve_towards_sustainability
https://www.researchgate.net/publication/312523577_Aging_of_European_power_plant_infrastructure_as_an_opportunity_to_evolve_towards_sustainability
https://www.researchgate.net/publication/312523577_Aging_of_European_power_plant_infrastructure_as_an_opportunity_to_evolve_towards_sustainability


6 100% Renewables in Europe 

Christian Breyer ► christian.breyer@lut.fi            @ChristianOnRE 

Agenda 

 Global Scenarios / Current Status in Europe 

 LUT Energy System Model 

 100% Renewable Power Sector – Overnight 

 100% Renewable Power Sector – Transition 

 Summary 

https://twitter.com/MahdiFasihi


100% Renewables in Europe  

Christian Breyer ► christian.breyer@lut.fi            @ChristianOnRE 
7 

LUT Energy System Model 
Full system 

Renewable energy sources 

• PV rooftop (RES, COM, IND) 

• PV ground-mounted 

• PV single-axis tracking   

• Wind onshore/ offshore 

• Hydro run-of-river 

• Hydro dam 

• Geothermal energy 

• CSP 

• Waste-to-energy 

• Biogas 

• Biomass 

Electricity transmission 

• node-internal AC transmission 

• interconnected by HVDC lines  

Storage options 

• Batteries  

• Pumped hydro storage 

• Adiabatic compressed air storage 

• Thermal energy storage, Power-to-Heat 

• Gas storage based on Power-to-Gas 

• Water electrolysis 

• Methanation 

• CO2 from air 

• Gas storage 

 

 

 

 

 

Energy Demand 

• Electricity 

• Water Desalination 

• Industrial Gas 

https://twitter.com/MahdiFasihi
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LUT Energy System Model 
Key Objectives 

Definition of an optimally structured energy system based on 100% RE supply 

• optimal set of technologies, best adapted to the availability of the regions’ resources, 

• optimal mix of capacities for all technologies and world structured into 145 sub-regions globally, 

• optimal operation modes for every element of the energy system,  

• least cost energy supply for the given constraints. 

 

LUT Energy System model, key features 

• linear optimization model 

• hourly resolution 

• multi-node approach 

• flexibility and expandability  

• enables energy transition modeling 

• overnight scenarios 

• energy transition scenarios in 5-year steps 

 

 

Input data 

• historical weather data for: solar irradiation, 

wind speed and hydro precipitation 

• available sustainable resources for biomass and 
geothermal energy 

• synthesized power load data 

• non-energetic industrial gas and water 
desalination demand 

• efficiency/ yield characteristics of RE plants 

• efficiency of energy conversion processes 

• capex, opex, lifetime for all energy resources 

• min and max capacity limits for all RE resources 

• nodes and interconnections configuration 

https://twitter.com/MahdiFasihi
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LUT Energy System Model 
publications peer-reviewed 

• Examples of research with LUT energy model published in peer-reviewed journals (10 in total) 

Breyer et al., 2017 Gulagi et al. ,2017 Bogdanov and Breyer, 2016 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/profile/Christian_Breyer
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/313467010_Can_Australia_Power_the_Energy-Hungry_Asia_with_Renewable_Energy
https://www.researchgate.net/publication/291556438_North-East_Asian_Super_Grid_for_100_renewable_energy_supply_Optimal_mix_of_energy_technologies_for_electricity_gas_and_heat_supply_options
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LUT Energy System Model 
Data – Financial Assumptions  

• Capex variation based on 
learning curves  

• Least cost power plant 
capacities based on  

• Cost 

• Efficiency of generation 
and storage 

• Power to energy ratio of 
storage  

• Available resource  

• WACC is set to 7% for all 
years  

• Fuel costs  

• 47.3 €/MWhth for oil (~100 
USD/bbl in 2020 and 
~+2.1%/a) 

• 22.2 €/MWhth  for gas (in 
2020 and ~+3.0%/a) Variation in capex from 2015 – 2050 for all power plant components 

utilised by model. Detailed capex, fixed opex, efficiency and power to 

energy ratio numbers are presented at end of slide set 

 

source: Gulagi A., et al., 2017. The Demand for Storage Technologies in Energy Transition 

Pathways Towards 100% Renewable Energy for India, IRES, Düsseldorf  

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/315112411_The_Demand_for_Storage_Technologies_in_Energy_Transition_Pathways_Towards_100_Renewable_Energy_for_India
https://www.researchgate.net/publication/315112411_The_Demand_for_Storage_Technologies_in_Energy_Transition_Pathways_Towards_100_Renewable_Energy_for_India
https://www.researchgate.net/publication/315112411_The_Demand_for_Storage_Technologies_in_Energy_Transition_Pathways_Towards_100_Renewable_Energy_for_India
https://www.researchgate.net/publication/315112411_The_Demand_for_Storage_Technologies_in_Energy_Transition_Pathways_Towards_100_Renewable_Energy_for_India
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LUT Energy System Model 
Data – Financial Assumptions: PV update 

• capex variation based on learning curves, market growth  

• PV capex has been continuously too high in own work during the last 10 years 

• PV most important in energy transition scenarios, hence very good capex understanding required 

• now split into 5 types of PV segments (rooftop RES/ COM/ IND, ground-mounted fixed, tracking) 

source: ETIP-PV, 2017. The True Competitiveness 

of Solar PV – A European Case Study 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
https://www.researchgate.net/publication/316753475_The_True_Competitiveness_of_Solar_PV_-_A_European_Case_Study
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Results: Global view for Overnight 2030 

source: Breyer Ch., Bogdanov D., et al., 2017. On the Role of Solar Photovoltaics in 

Global Energy Transition Scenarios, Progress in Photovoltaics 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
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Scenarios assumptions 
Generation profile (area integrated) for Europe 

PV generation profile 
Aggregated area profile computed using earlier 

presented weighed average rule. 

Wind onshore generation profile  
Aggregated area profile computed using 

earlier presented weighed average rule. 

Key insights: 

• seasonal complementary of PV and wind 

source: Breyer Ch., Child M., et al., 2016. A low-cost power system for Europe based on 

renewable electricity, European Utility Week, Barcelona, November 15-17 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
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Results 
Regions Electricity Generation and Storage (year 2030) – area-wide open trade 

Key insights: 

• significant role of hydropower generation in Nordic countries, Austria, Switzerland, Balkan East, Turkey 

• solar PV represents approximately 29% of total energy generation 

• >50% wind share in Baltic, Germany, Benelux, Denmark, British Isles, France, Ukraine 

• wind has largest role in total generation across regions (48-50%) 

• existing PHS storage plays significant role 

• relative share of prosumer batteries increases in integration scenario in several regions 

 

 

Area-wide open trade 

source: Breyer Ch., Child M., et al., 2016. A low-cost power system for Europe based on renewable electricity, European Utility Week, Barcelona, November 15-17 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
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Results 
Total LCOE (year 2030) – Area-wide open trade total 

Key insights: 

• Energy Union reduces the 

cost by about 10%  

• same assumptions but 

without grids between the 

countries leads to 56.2 €/MWh 

• comparable cost levels 

across Europe 

source: Breyer Ch., Child M., et al., 2016. A low-cost power system for Europe based on 

renewable electricity, European Utility Week, Barcelona, November 15-17 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
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https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
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Regions LCOE 

region-

wide 

LCOE 

area-wide  

Integra-

tion 

benefit ** 

Storage

* 

Regional 

grid 

trade* 

Curtail-

ment 

PV 

prosu-

mers* 

PV 

system 

* 

Wind * Biomass * Hydro* 

[€/MWh] [€/MWh] [%] 

 

[%] [%] [%] 

 

[%] [%] [%] [%] [%] 

Northeast Asia 63 56 6.0% 7% 10% 5% 16.4% 35.4% 40.9%   2.9%   11.6% 

Southeast Asia 67 64 9.5% 8%   3% 3% 7.2% 36.8% 22.0% 22.9%   7.6% 

India/ SAARC 72 67 5.9% 22% 23% 3% 6.2% 43.5% 32.1% 10.9% 5.4% 

Eurasia 63 53 23.2% <1% 13% 3% 3.8%   9.9% 58.1% 13.0% 15.4% 

Europe 56 51 11.2% 7% 16% 3% 18.1% 11.1% 51.7%   6.4%   14.1% 

MENA 61 55 10.8% <1% 10% 5%   1.8% 46.4% 48.4%   1.3%   1.1% 

Sub-Saharan Africa 58 55 16.2% 4%   8% 4% 16.2% 34.1% 31.1%   7.8%   8.2% 

North America 63 53 10.1% 1% 24% 4% 11.0% 19.8% 58.4% 3.7% 6.8% 

South America 62 55 7.8% 5% 12% 5% 12.1% 28.0% 10.8% 28.0% 21.1% 

Overview on World’s Regions: Overnight 2030 

Key insights: 
• 100% RE is highly competitive 

• least cost for high match of seasonal supply and demand 

• PV share typically around 40% (range 15-51%) 

• hydro and biomass limited the more sectors are integrated 

• flexibility options limit storage to 10% and it will further 

decrease with heat and mobility sector integration 

• most generation locally within sub-regions (grids 3-24%) sources: see www.researchgate.net/profile/Christian_Breyer  

* Integrated scenario, supply share 

** annualised costs, results from 

older simulation 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/291556438_North-East_Asian_Super_Grid_for_100_renewable_energy_supply_Optimal_mix_of_energy_technologies_for_electricity_gas_and_heat_supply_options
https://www.researchgate.net/publication/291556438_North-East_Asian_Super_Grid_for_100_renewable_energy_supply_Optimal_mix_of_energy_technologies_for_electricity_gas_and_heat_supply_options
https://www.researchgate.net/publication/291556438_North-East_Asian_Super_Grid_for_100_renewable_energy_supply_Optimal_mix_of_energy_technologies_for_electricity_gas_and_heat_supply_options
https://www.researchgate.net/publication/316456031_A_Cost_Optimized_Fully_Sustainable_Power_System_for_Southeast_Asia_and_the_Pacific_Rim
https://www.researchgate.net/publication/316456031_A_Cost_Optimized_Fully_Sustainable_Power_System_for_Southeast_Asia_and_the_Pacific_Rim
https://www.researchgate.net/publication/316456031_A_Cost_Optimized_Fully_Sustainable_Power_System_for_Southeast_Asia_and_the_Pacific_Rim
https://www.researchgate.net/publication/304179311_Solar_Photovoltaics_-_A_Driving_Force_towards_100_Renewable_Energy_for_India_and_SAARC
https://www.researchgate.net/publication/304179311_Solar_Photovoltaics_-_A_Driving_Force_towards_100_Renewable_Energy_for_India_and_SAARC
https://www.researchgate.net/publication/283713531_Eurasian_Super_Grid_for_100_Renewable_Energy_Power_Supply_Generation_and_Storage_Technologies_in_the_Cost_Optimal_Mix
https://www.researchgate.net/publication/313403782_A_low-cost_Power_System_for_Europe_based_on_Renewable_Electricity
https://www.researchgate.net/publication/303671336_The_MENA_Super_Grid_towards_100_Renewable_Energy_Power_Supply_by_2030
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304245894_100_Renewable_Energy_in_North_America_and_the_Role_of_Solar_Photovoltaics
https://www.researchgate.net/publication/315497140_Hydro_wind_and_solar_power_as_a_base_for_a_100_renewable_energy_supply_for_South_and_Central_America
http://www.researchgate.net/profile/Christian_Breyer
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Cost comparison of ’cleantech’ solutions  

source: Agora Energiewende, 2014. Comparing the Cost of Low-Carbon Technologies: What is the Cheapest option;            

Grubler A., 2010. The costs of the French nuclear scale-up: A case of negative learning by doing, Energy Policy, 38, 5174 

Key insights: 

• PV-Wind-Gas is the least cost option 

• nuclear and coal-CCS are too expensive 

• nuclear and coal-CCS are high risk technologies 

• 100% RE systems are highly cost competitive 

Preliminary NCE results 

clearly indicate 100% 

RE systems cost about 

55-70 €/MWh for 2030 

cost assumptions on 

comparable basis 

 
source: Breyer Ch., Bogdanov D., et al., 

2017. On the Role of Solar Photovoltaics in 

Global Energy Transition Scenarios, 

Progress in Photovoltaics 

https://twitter.com/MahdiFasihi
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios


19 100% Renewables in Europe 

Christian Breyer ► christian.breyer@lut.fi            @ChristianOnRE 

Agenda 

 Global Scenarios / Current Status in Europe 

 LUT Energy System Model 

 100% Renewable Power Sector – Overnight 

 100% Renewable Power Sector – Transition 

 Summary 

https://twitter.com/MahdiFasihi


20 
Energy Transition Modeling Towards Sustainable Power Sector 

Christian Breyer► Christian.Breyer@lut.fi 

Energy Transition Modeling: Europe 

Key insights: 

• energy system transition model for 145 regions forming 92 countries 

• results here are for Europe (in limits of IS, PT, TR, UA, EE, FI) 

• LCOE decline on energy system level driven by wind/PV + battery 

• beyond 2030 solar PV grows much more than wind energy 

• wind and PV + battery finally run the system more and more 

• solar PV supply share in 2050 at about 45% as least cost 

• capacities in 2050: solar PV of ~2000 GWp and wind of ~600 GW 

• LCOE of 54 €/MWh are further reduced to 46 €/MWh for 2050 cost 
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Energy Transition Modeling: Europe 
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Energy Transition Modeling: Global and Europe 

Key insights: 

• 1.0% electricity share by 2015 

• Strong growth till 2030 would be possible 

• By 2050 solar PV could be the dominating source of electricity 

• Canada is still in progress for simulations 

• Countries in the Sun Belt would be almost fully dominated by 

solar PV, e.g. Africa, India, Southeast Asia, Central America 

• Regions of strong seasons and excellent wind show lower PV 

values, as well as the few hydro power and geotherrmal regions 

• solar PV supply share in 2050 at about 70% (!!) as least cost 
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Energy Transition Modeling: Global and Europe 

Key insights: 

• Total LCOE by 2050 around 50 €/MWh (incl. generation, 

storage, curtailment, some grid cost) 

• 60% ratio of primary generation cost to total LCOE 

• Total PV installed capacity around 22 TWp (ONLY for 

today’s power sector) 
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Global Internet of Energy 

Global Internet of Energy: http://neocarbonenergy.fi/internetofenergy/#  

https://twitter.com/MahdiFasihi
http://neocarbonenergy.fi/internetofenergy/
http://neocarbonenergy.fi/internetofenergy/
http://neocarbonenergy.fi/internetofenergy/
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Global Internet of Energy: Europe 

Global Internet of Energy: http://neocarbonenergy.fi/internetofenergy/#  

https://twitter.com/MahdiFasihi
http://neocarbonenergy.fi/internetofenergy/
http://neocarbonenergy.fi/internetofenergy/
http://neocarbonenergy.fi/internetofenergy/
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Agenda 

 Global Scenarios / Current Status in Europe 

 LUT Energy System Model 

 100% Renewable Power Sector – Overnight 

 100% Renewable Power Sector – Transition 

 Summary 

https://twitter.com/MahdiFasihi
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Summary 

• Total LCOE on a European average is around 54 €/MWh for 100% RE in 2050 (incl. 
generation, curtailment and storage) – further reduced to 46 €/MWh for 2050 cost  

• Solar PV share can reach about 45% by 2050 in electricity supply (equal to ~2000 GWp) 

• Battery investments enable a high solar PV share, driven by prosumers 

• Sector integration and Energy Union further decreases the cost 

• Wind energy may not grow anymore much after 2030-2040 

• Seasonal variations are the key reason for keeping wind energy in the system 

• 100% RE system is more cost competitive than a nuclear-fossil option! 

 

Personal note: 

• Policy failures caused the loss of almost all European manufacturing capacities for the 
number 1 global energy technology in this century 

• This unacceptable status has to be fixed, asap. 

https://twitter.com/MahdiFasihi
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Energy Transition Modeling: Global 

Key insights: 

• energy system transition model for 145 regions forming 92 countries 

• LCOE decline on energy system level driven by PV + battery 

• beyond 2030 solar PV becomes more comeptitve than wind energy 

• solar PV + battery finally runs the system more and more 

• solar PV supply share in 2050 at about 70% (!!) as least cost 
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Energy Transition Modeling: Global 
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Temporal Resolution in Global Scenarios 

Key insights: 

• no global report exists in full hourly resolution 

• all kinds of flexibility cannot be modelled 

without proper temporal resolution: 

• resource complementarity 

• supply side management 

• demand side management 

• grids 

• storage 

• sector coupling 

• three global energy system modeling 

publications had hourly resolution: two 

dissertations and the first article of Plessman & 

Breyer et al. 

• having no detailed global scenario in proper 

temporal resolution is a major failure of the 

energy system modeling community in 

discussing the climate change mitigation 

options 

source: Koskinen O. and Breyer Ch., 2016. Energy Storage in Global 

and Transcontinental Energy Scenarios: A Critical Review, 

Energy Procedia, 99, 53-63 

https://twitter.com/MahdiFasihi
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https://www.researchgate.net/publication/310951553_Energy_Storage_in_Global_and_Transcontinental_Energy_Scenarios_A_Critical_Review
https://www.researchgate.net/publication/310951553_Energy_Storage_in_Global_and_Transcontinental_Energy_Scenarios_A_Critical_Review
https://www.researchgate.net/publication/310951553_Energy_Storage_in_Global_and_Transcontinental_Energy_Scenarios_A_Critical_Review
https://www.researchgate.net/publication/310951553_Energy_Storage_in_Global_and_Transcontinental_Energy_Scenarios_A_Critical_Review
https://www.researchgate.net/publication/310951553_Energy_Storage_in_Global_and_Transcontinental_Energy_Scenarios_A_Critical_Review
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100% RE Scenarios: Country to Global 

Listed by Heard et al., 2017. Burden of proof: A comprehensive review of the feasibility of 100% renewable-electricity systems, RSER 

  

Mason et al. [9,104]  2010, 2013 J New Zealand 

Australian Energy Market Operator (1) [8]  2013 R Australia (NEM–only) 

Australian Energy Market Operator (2) [8]  2013 R Australia (NEM–only) 

Jacobson et al. [112]  2015 J USA 

Wright and Hearps [60]  2010 R Australia (total) 

Fthenakis et al. [133]  2009 J USA 

Allen et al. [27]  2013 R UK 

Connolly et al. [19]  2011, 2014 J Ireland 

Fernandes and Ferreira [119]  2014 J Portugal 

Krajacic et al. [20]  2011 J Portugal 

Esteban et al. [17]  2012 J Japan 

Budischak et al. [118]  2013 J USA - PJM Interconnection 

Elliston et al. [22]  2013 J Australia (NEM–only) 

Lund and Mathiesen [16]  2009 J Denmark 

Cosic et al. [11]  2012 J Macedonia 

Elliston et al. [75]  2012 J Australia (NEM–only) 

Jacobsen et al. [18]  2013 J USA - New York State 

Price Waterhouse Coopers [10]  2010 R Europe and North Africa 

European Renewable Energy Council [26]  2010 R EU27 

ClimateWorks [116]  2014 R Australia 

World Wildlife Fund [108]  2011 R Global 

Jacobsen and Delucchi [24,25]  2011 J Global 

Jacobson et al. [113]  2014 J California 

Greenpeace (Teske et al.) [15]  2012, 2015 R,J Global 
 

https://twitter.com/MahdiFasihi
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100% RE Scenarios: Country to Global 

Missing in Heard et al., 2017: 

 

Blakers et al. 2012 J Southeast Asia & Australia 

Huber et al. 2015 J ASEAN 

Bussar et al. 2014, 2015 J EU-MENA 

Grossmann et al. 2014 J Americas 

Scholz 2012 D Europe & North Africa 

Rasmussen et al. 2012 J Europe 

ECF 2010 R Europe & North Africa 

Czisch 2005 D Europe, North Africa 

Troendle 2014 D Europe 

Aboumahboub  2012 D Global 

Matthew & Patrick 2010 R Australia 

Henning & Palzer 2014 J Germany 

ADEME 2015, 2016 R France 

Plessmann et al. 2014 J Global 

Child & Breyer 2016 J Finland 

Bogdanov & Breyer 2015, 2016 J Northeast Asia 

Gulagi et al. 2017 J Southeast Asia 

Barbosa et al. 2017 J South America 

Breyer et al. 2017 J Global 

Barbosa et al. 2016 J Brazil 

Plessmann & Blechinger 2017 J EU28 

Gulagi et al. 2017 J East Asia 

WWF 2015 R Uganda 

Aghahosseini et al. 2016 C North America 

Aghahosseini et al. 2016 C MENA 

Bogdanov & Breyer 2015 C Eurasia 

Gulagi et al. 2016 C India/ SAARC 

Barasa et al. 2016 C Sub-Saharan Africa 

Oyewo et al. 2017 C Nigeria 

Caldera et al. 2016 C Saudi Arabia 

Aghahosseini et al. 2016 C Iran 

Ghorbani et al. 2017 C Iran 

Child et al. 2017 C Ukraine 

Gulagi et al. 2017 C India 

Lu et al. 2017 J Australia 

Gils & Simon 2017 J Canary Islands 

UBA 2010, 2013 R Germany 

SEI 2009 R Europe 

UBA 2014 R Germany, Europe 

Breyer et al. 2014 R Germany 

Teske et al. 2016 R Australia 

Turner et al. 2013 J Australia 

Moeller et al. 2014 J Berlin-Brandenburg 

Mathiesen et al. 2015 J Denmark 

Lund et al. 2011 R Denmark 

Child et al. 2017 J Åland 

  

 

Please send me more documents, in case you think one 

is missing: journal articles, reports, dissertations, 

conference papers 

https://twitter.com/MahdiFasihi
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https://www.researchgate.net/publication/291556438_North-East_Asian_Super_Grid_for_100_renewable_energy_supply_Optimal_mix_of_energy_technologies_for_electricity_gas_and_heat_supply_options
https://www.researchgate.net/publication/316456031_A_Cost_Optimized_Fully_Sustainable_Power_System_for_Southeast_Asia_and_the_Pacific_Rim
https://www.researchgate.net/publication/315497140_Hydro_wind_and_solar_power_as_a_base_for_a_100_renewable_energy_supply_for_South_and_Central_America
https://www.researchgate.net/publication/315132185_On_the_role_of_solar_photovoltaics_in_global_energy_transition_scenarios
https://www.researchgate.net/publication/310951462_Hydropower_and_Power-to-gas_Storage_Options_The_Brazilian_Energy_System_Case
https://www.researchgate.net/publication/313467010_Can_Australia_Power_the_Energy-Hungry_Asia_with_Renewable_Energy
https://www.researchgate.net/publication/304245894_100_Renewable_Energy_in_North_America_and_the_Role_of_Solar_Photovoltaics
https://www.researchgate.net/publication/303671336_The_MENA_Super_Grid_towards_100_Renewable_Energy_Power_Supply_by_2030
https://www.researchgate.net/publication/283713531_Eurasian_Super_Grid_for_100_Renewable_Energy_Power_Supply_Generation_and_Storage_Technologies_in_the_Cost_Optimal_Mix
https://www.researchgate.net/publication/304179311_Solar_Photovoltaics_-_A_Driving_Force_towards_100_Renewable_Energy_for_India_and_SAARC
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/304274002_A_Cost_Optimal_Resolution_for_Sub-Saharan_Africa_powered_by_100_Renewables_for_Year_2030_Assumptions
https://www.researchgate.net/publication/315112606_Assessment_of_energy_storage_technologies_in_transition_to_a_100_renewable_energy_system_for_Nigeria
https://www.researchgate.net/publication/315112606_Assessment_of_energy_storage_technologies_in_transition_to_a_100_renewable_energy_system_for_Nigeria
https://www.researchgate.net/publication/304627922_Integration_of_reverse_osmosis_seawater_desalination_in_the_power_sector_based_on_PV_and_wind_energy_for_the_Kingdom_of_Saudi_Arabia
https://www.researchgate.net/publication/303678230_The_Role_of_a_100_Renewable_Energy_System_for_the_Future_of_Iran_Integrating_Solar_PV_Wind_Energy_Hydropower_and_Storage
https://www.researchgate.net/publication/315067176_Transition_to_a_100_renewable_energy_system_and_the_role_of_storage_technologies_A_case_study_of_Iran
https://www.researchgate.net/publication/315067176_Transition_to_a_100_renewable_energy_system_and_the_role_of_storage_technologies_A_case_study_of_Iran
https://www.researchgate.net/publication/315067176_Transition_to_a_100_renewable_energy_system_and_the_role_of_storage_technologies_A_case_study_of_Iran
https://www.researchgate.net/publication/315117520_The_role_of_storage_technologies_for_the_transition_to_a_100_renewable_energy_system_in_Ukraine
https://www.researchgate.net/publication/315112411_The_Demand_for_Storage_Technologies_in_Energy_Transition_Pathways_Towards_100_Renewable_Energy_for_India
https://www.researchgate.net/publication/261343425_Vergleich_und_Optimierung_von_zentral_und_dezentral_orientierten_Ausbaupfaden_zu_einer_Stromversorgung_aus_Erneuerbaren_Energien_in_Deutschland
https://www.researchgate.net/publication/263892424_Transforming_the_electricity_generation_of_the_Berlin-Brandenburg_region_Germany
https://www.researchgate.net/publication/263892424_Transforming_the_electricity_generation_of_the_Berlin-Brandenburg_region_Germany
https://www.researchgate.net/publication/263892424_Transforming_the_electricity_generation_of_the_Berlin-Brandenburg_region_Germany
https://www.researchgate.net/publication/312788896_Scenarios_for_a_sustainable_energy_system_in_the_Aland_Islands_in_2030
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100% RE Scenarios: Country to Global 

Key insights: 

• rather new field of research 

• several papers are expected to miss 

• good coverage in journals 

• not much research on global level 

• most major world regions are not yet covered 

• Europe seems to be understood best (region 

and country-wise) 

• Australia shows highest country records (10) 

• most countries are still ’terra incognita’ 

 

 

Special comments: 

• Jacobson et al. produce country results, but 

non-hourly analysis leads to respective results 

• Breyer et al. are currently working on 145 

regions, aggregated to 92 countries in full 

hourly resolution and energy transition in 5-

year steps for 100% RE in 2050 for power sector 

 

https://twitter.com/MahdiFasihi
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Batteries and EVs – Very high dynamics 

Global EVs in use 

Key insights: 

• Batteries convert PV into flexible 24/7 technology 

• Batteries show same high learning rates as PV 

• Highly module technology – phone to storage plant 

• Extremely fast mobility revolution (fusion of 

renewables, modularity, digitalization, less complex) 

• high growth rates – fast cost decline 

• least cost mobility solution from 2025 onwards 

• Key reason for collapse of western oil majors 

• 3rd key enabling technology for survival of humankind 

 

https://twitter.com/MahdiFasihi
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Power-to-X – covering hydrocarbon demand 
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Key insights: 

• PtX enables sustainable production of hydrocarbons 

• Ingredients: electricity, water, air 

• w/o PtX COP21 agreement would be wishful thinking 

• Profitability from 2030 onwards 

• Flexible seasonal storage option 

• Global hydrocarbon downstream infrastracture usable 

• Most difficult sectors to decarbonise can be managed 

with PtX (aviation, chemistry, agriculture, ect.) 

• 4th key enabling technology for survival of humankind 

https://twitter.com/MahdiFasihi


100% Renewables in Europe 

Christian Breyer ► christian.breyer@lut.fi            @ChristianOnRE 
38 

Synfuels production in Maghreb 

source: Fasihi M., et al., 2017. Long-Term Hydrocarbon Trade Options for the Maghreb Region and Europe 

– Renewable Energy Based Synthetic Fuels for a Net Zero Emissions World, Sustainability, 9, 306 
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