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1. Modeling
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2.1 Energy market competition analysis is complex …

Assumptions on:
~ competition: 

Cournot vs. perfect competition vs. …
~ trade: 

perfect competition vs. national 
perspective

~ sector linkage: 
partial vs. general equilibrium; 
macro-energy linkage

~ Different electricity sector modeling: 
Methodologies: 
~ optimization vs. simulation, 
~ different objective functions, 
~ different time perspectives, etc.

Source: Ventosa (2005)
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„Seams issues“ are complex: RTOs in restructured states
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Energy Policies and Technologies are (largely) national:
Generation Power Plants and Networks in Europe

Water
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Hard coal
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Synthetic gas
Source: Schneider, Kuhs (2013)
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2. Look at details
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Model: dynELMOD
Determining cost-effective pathways in the electricity sector

dynELMOD (Gerbaulet and Lorenz, 2017):
Linear program to determine cost-effective development pathways 
in the European electricity sector

Model: 
33 European countries
31 conventional or renewable generation and storage technologies
9 investment periods, five-year steps 2020 – 2050 
Good storage representation (including reservoirs, DSM)
Approximation of loop-flows in the HVAC electricity grid
CCTS and CO2 storage constraints

1. Investment
− Investment into Conventional and renewable generation, 

cross-border capacities
− Reduced time series used

2. Dispatch
− Investment result from step 1 fixed
− Time series with 8760 hours (validate result adequacy)

Outputs
 Investment into generation capacities, storage, 

transmission capacities
 Generation and storage dispatch
 Emissions by fuel
 Flows, imports, exports

Boundary conditions

Investment

Full Dispatch

Time series calculation

PTDF calculation

Assumptions



- 7 -

Hour-to-hour operation of the Italian electricity system in 2050 
(first two weeks of February)
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Hour-to-hour operation of the Italian electricity system in 2050 (first two weeks of February)

 In February 2050 Italy is also dependent on Storage and Imports
 Solar infeed is higher than in Germany
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3. Broaden the Perspective
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… creates attention in „The Economist“
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6 potential „negative emission technologies“

Source: Minx et al. (2017)
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Large-scale CCTS Projects world-wide
(IEA, 2017, Schiffer and Thielemann, 2017)
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Biomass + CCTS pilot projects are focussed on EOR-usage

Source: Kemper (2015).
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6 potential „negative emission technologies“

Source: Minx et al. (2017)
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Estimated costs, CO2 removal potential and maturity of
technology for various CO2 storage methods

Source: Harrison et al. (2014); 
darker shades indicate higher maturity.
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Christian von Hirschhausen

Comparing Coal and Gas in India
13.03.2018

4 Main Take-aways

1 Energy market, policy & technology analysis is “particularly
complex“, and makes it difficult to yield generally valid 
conlusions

2 Even the most competitive market segments may yield
different outcome in different jurisdictions, i.e. the natural
gas – coal switch

3 All non-fossil fuel technologies have undergone and are
currently undergoing significant „directed technological
change“, the outcomes of which are quite idiosyncratic

4 Energy economic research of the “energy transformation“ 
is particularly promising, but also challenging, with no
mainstream consensus to be expected
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2.2 … and so is policy …

~ National policies are diverse
~ US – NOPR on “grid stability” (capacity payments for coal and nuclear power)
~ OPEC-countries on fuel subsidies
~ Sweden on CO2 pricing in transportation

~ Regional policies are transaction-cost intensive
~ Cross-country and “seams” issues” are complex

~ Legally binding
~ Politically consistent?

~ Global policies are important, but difficult to implement
~ Taxation, subsidies, etc.
~ Carbon pricing
~ Issue linking, e.g. with fiscal, social, other policies
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2.3 … and technology

Past: Emergence of technologies nationally specific, e.g. gas turbine, 
nuclear power, solar energy

Present: uncertainty about existing technologies and costs

Future: technical and economic availability
~ Fossil technologies, negative emission technologies (NET), etc.
~ “low-carbon” technologies, e.g. nuclear power, renewables, etc.
~ Auxiliary technologies, e.g. storage



3 Technological convergence: “sector coupling“

C. Kemfert and P. Oei, 15th IAEE European Conference, September 4, 2017
MODELING LARGE SHARES OF RENEWABLES IN A GLOBAL ENERGY SYSTEM MODEL22



Technology is political, too …

C. Kemfert and P. Oei, 15th IAEE European Conference, September 4, 2017
MODELING LARGE SHARES OF RENEWABLES IN A GLOBAL ENERGY SYSTEM MODEL23

• Traditionally, energy system model predictions in line with ambitious climate targets relied 
on fossil fueled power plants equipped with carbon capture and nuclear plants to balance 
intermittent renewables energy sources. 

• The future outlook for conventional energy carriers, however, is now challenged by the 
availability of low-cost storage technologies and other flexibility options.

• This leads to the recent controversy about the reliability of renewables-based energy:
• Critical evaluation by Clack et al. (2017):

• Direct defense by Jacobsen et al. (2017):

1
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3.1 The natural gas – coal switch = f(…)

Invest CAPEX

Efficiency and operations (OPEX)

Relative fuel prices

Environmental constraints, e.g. CO2, local pollutants, etc.

Taxes & subsidies

…
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„Golden age“ of natural gas?
Previous Forecasts (IEA “Golden Age”, 2012, 78)

Natural gas demand by region in the Golden Rules Case (bcm)
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3.2 Country-specific analyses: The EU context

https://sandbag.org.uk/wp-content/uploads/2017/01/Energy-Transition-in-the-Power-Sector-in-Europe-2016.pdf

• EU coal generation fell by 94 TWh (-12%) and gas generation increased by 101 TWh (20%)
• Half of this happened in the UK, but also Germany, Italy, Netherlands and Greece switched from 

coal to gas
• Gas generation still 168 TWh below the 2010 level (more coal-gas switching is possible without 

new infrastructure.
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EU-wide coal to gas shift or UK phenomenon?

https://sandbag.org.uk/wp-content/uploads/2017/01/Energy-Transition-in-the-Power-Sector-in-Europe-2016.pdf
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Economics of the Coal-Gas Switch UK

Source: https://www.timera-energy.com/european-gas-for-coal-switching-boundaries-in-2017/

Competitiveness of Gas with Coal in Power 
Generation
• UK first European market to switch: Gap 

between coal and gas marginal costs is 
narrower due to the carbon price floor (UKP 
18/t).

• Further gas price falls will push more CCGTs 
into merit order for longer periods: Higher load 
factors and margin capture increase and 
running costs decrease. 

• CCGTs have a structural variable cost 
advantage over coal in the UK (more 
pronounced in summer (lower gas prices)

• Colored dots represent different combinations of 
gas and coal prices for seasonal forward 
contracts; diagonal lines show the baseload 
switching boundaries for CCGT plants of 
different efficiencies; dots below the diagonal 
switching lines mean market prices favor gas 
burn
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UK coal demand and supply

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/632495/Chapter_2.pdf
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Natural gas production and demand

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/632523/Chapter_4.pdf
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Germany: low-cost coal blocks natural gas

Marginal costs for new gas and old lignite as well as hard coal power plants 
(Efficiency in brackets)

Competitiveness of Gas with Coal in Power Generation
• For the first time since 2011 gas-fired power plants were competitive to old hard coal 

power plants
• Gas prices dropped further than hard coal prices
• Shift despite low CO2 prices???

https://www.agora-energiewende.de/fileadmin/Projekte/2017/Jahresauswertung_2016/Die_Energiewende_im_Stromsektor_2016_DE.pdf
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Economics of the Coal-Gas Switch in Germany:
Natural gas hardly competitive

Source: https://www.timera-energy.com/european-gas-for-coal-switching-boundaries-in-2017/

Competitiveness of Gas with Coal in Power 
Generation
• Lowest power prices of the major European 

power markets (excluding the hydro dominated 
Nordpool markets): Relatively low variable cost 
lignite capacity and high renewable penetration; 
CCGTs have been structurally out of merit for 
most of the last five years.

• Colored dots represent different combinations of 
gas and coal prices for seasonal forward 
contracts; diagonal lines show the baseload 
switching boundaries for CCGT plants of 
different efficiencies; dots below the diagonal 
switching lines mean market prices favor gas 
burn
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Only a CO2 price well above >40€/t would
lead to a lignite to gas switch

https://www.diw.de/documents/publikationen/73/diw_01.c.471589.de/diwkompakt_2014-084.pdf
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India:
Previous Forecasts (“Golden Age”)
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Natural gas demand by region in the Golden Rules Case (bcm)

Source: Own Illustration based on IEA (2012, 78, see table 2.4).



- 39 -

Gas Production, Consumption and Imports

Source: Cornot-Gandolphe (2017, 7) 

Natural gas production, consumption and LNG imports in India (2000-2016)
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Economics of the Coal-Gas Switch

Source: Sen (2017, 11) 

Competitiveness of Gas with Coal in Power Generation
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Economics of the Coal-Gas Switch

Source: Sen (2017, 16) 

Fiscal Measures to Encourage Coal to Gas Switching (author’s estimates)
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Paris Agreement
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3.1 Nuclear power
Science … and military, but litte economic considerations

First nuclear bomb: Trinity-Test, July 16, 1945

Manhattan Project: 1942-1946: General Groves + Professor Oppenheimer
(Lévêque, 2012, Jaensch and Herrmann, 2015)
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Davis (2012; JEP, p. 11): „70 years later …“
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Nuclear power – profitability check

• Investment
• Overnight cost:     6.000 €/kW
• Installed capacity: 1.100 MW
• Initial investment: 20 years
• Plant lifetime: 50 years

• Fixed and variable costs
• Fixed operating costs:

• Operation 20 €/kW/year
• Maintenance 20 €/kW/year
• Insurance 15 €/kW/year

• Variable operating costs:
• Operation 8 €/MWhel
• Maintenance 7 €/MWhel

• Fuel price: 1,5 €/MWhth
• Electric efficiency: 38%
• Full load Hours: 6.500 h

General assumptions:

Calculation results:
 Nuclear power is more expensive than 

competing technologies
 Levelized cost of electricity generation:

 10,2 cent/kWh

 Assumed electricity retail price: 
 40 €/MWh

 Net present value very negative:  
 –13 bn €

 To reach NPV = 0:
 Retail price: ~100€/MWh 
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Davis (2012; JEP, p. 11): „70 years later …“
current update for Europe (own calc.)

Levelized costs in €cents/kWh
Nuclear Coal Natural Gas

Baseline (2016) 10,2 5,1 5,0

CO2-price: 25 €/t 10,2 6,3 5,7

CO2-price: 100 €/t 10,2 10,0 7,9
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TRANSFERS OF NUCLEAR 
TECHNOLOGY

TECHNOLOGIES :

TRANSMISSION :

COUNTRIES:

Graphite moderated (GMR)

Spain 
(1964)

W1
BWR 3

Technologie
s installed

Date of 
construction 
of the first 
reactor

Name of the 
Country

Types of 
reactors
present

Country who
designed the 

red technology

Country who
bought the 

red
technology

Transfert of technology

Colour of the selling
country

EPR 1750

Pressurised Water (PWR)

Heavy Water (HWR)

Boiling Water (BWR)
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II: CO-LR: in historic retrospect: Shippingport (first „demonstrator“) huge
cost overruns: (~ 8 times the costs of a coal plant) (Radkau, 1986)
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Oyster Creek: First “commercial“ NPP (1962)

~ Cost-of-service regulation
~ Regulated utility (no risk)
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TRANSFERS OF NUCLEAR 
TECHNOLOGY
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Decommissioning of nuclear power plants in the US

Plant State Investor Capacity (MWnet) Date of closure
Realized shut 
down: Crystal River-3 Florida Duke Entergy            860 20.02.2013

San Onofre-2 Kalifornien Southern California Edison 1,070 07.06.2013
San Onofre-3 Kalifornien Southern California Edison 1,080 07.06.2013
Kewaunee Wisconsin Dominion Generation 556 07.05.2013
Vermont Yankee Vermont Entergy 620 29.12.2014
Fort Calhoun-1 Nebraska Omaha Public Power District 478 24.10.2016

SUM of closed plants: 4,664
Announced shut 
down: Pilgrim Mass. Entergy 685 31.05.2019

Diablo-Canyon-1 Cali PG&E 1,122 2024
Diablo-Canyon-2 Cali PG&E 1,118 2025
Palisades Michigan Entergy 778 01.10.2018
Indian Point New York Entergy 1,022 30.04.2020
Oyster Creek New Jersey Exelon 615 2019

SUM of announced closures: 5,340

Under discussion: Prairie Island Minnesota Xcel Energy 1,100
Perry Ohio First Entergy                   1,205
Davis Besse-1 Ohio First Entergy                   894 2018

SUM of closures currently discussed: 3,199

SUM of plants closed, announced or discussed closures 13,203

Sources: WNISR (2017), webpages of operators
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Policy Issue 2: Decommissioning of nuclear power plants

High number of shut down reactors (100) by 2050.
• A total of 35 NPPs have been shut down and are in different stages: 

− 13 decommissioned
− 12 in long-term enclosure
− 6 in decommissioning
− 1 in post-operations
− 3 in entombment

There are concerns, that the decommissioning trust funds are sufficient.
• High variance in actual decommissioning costs: 

− US$280/kW (Trojan, OR) 
− US$1,500/kW (Connecticut Yankee, CT) 

• US$53 bn (2014) in the decommissioning trust funds, US$600/kW on average per reactor

• NRC decommissioning formula is outdated (NRC audit: in one case NRC-formula estimate 
US$600 million vs. site-specific cost estimate done by the operator US$2.2 billion).

• Exelon reported shortfalls in the decommissioning funds ranging from US$6 million to US$83 
million.
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Policy Issue 3: Spent fuel storage in the U.S.

Spent fuel pools (~78% of overall HLW)
- Used in all U.S. nuclear power plants 
• Robust constructions made of reinforced, several-

feet-thick concrete with steel liners
• Approximately 40 feet deep
• Water for shielding the radiation and cooling the 

rods

Dry cask storage (ISFSI, ~22%)
• Independent spent fuel storage installations
• Used when pools reach capacity, above ground
• Fuel is cooled for at least 5 years in pools before 

being transferred to casks
• NRC has authorized transfers as early as 3 years, 

industry norm is 10 years
• Special, one-car-garage-sized canisters filled with

inert gas
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Source: U.S. NRC (2015)
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Centralized interim storage facility locations
(CISF)

=> Mostly located at the East cost close to reactors and one close to final repository

= chosen locations for
CISF
= possible locations
for CISF that have not 
been chosen

1

1

# Name of location Scenarios 
used

2 Barstow, California 7/7

5 Barnsville, Georgia 4/7

7 Lasalle, Illinois 5/7

8 Newville, Pennsylvania 7/7

9 Old Chatham, New York 4/7
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Nuclear power is unlikely to go away…

Global development of the Nuclear Power Plant Fleet

• Increasing demand for decommissioning and waste management.
• About 440 commercial reactors are currently operating. Most of them constructed during the 

1970s and 1980s.
• Many reactors will reach their technical-lifetime very soon, which causes a growing demand for 

decommissioning and dismantling service in all countries with nuclear power.
• The search for High Level waste disposal facilities is on-going. In Finland the construction 

licence of the 1st DGF was granted in 2015.

Source: Authors, 
based on IAEA PRIS
Database and own 

assumptions
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Technology 2015 2020 2025 2030 2035 2040 2045 2050
CSP 4100 3800 3500 3200 2900 2600 2300 2000
PV 1000 800 650 550 490 440 400 380
Geothermal 5263 4903 4542 4182 3821 3461 3100 2740
Solarthermal 5263 4903 4542 4182 3821 3461 3100 2740
Wind onsh. 1400 1250 1095 1035 1000 975 950 925
Wind offsh. 3300 3106 2911 2717 2522 2328 2134 1939
Lion Battery 1500 1300 1300 1000 1000 800 800 700
Heatpump 1300 1286 1271 1257 1243 1229 1214 1200

3.3 Renewables (here: solar)
Cost development of technologies in M€/GW (Loeffler, et al., 2017)
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Model: dynELMOD
Determining cost-effective pathways in the electricity sector

dynELMOD (Gerbaulet and Lorenz, 2017):
Linear program to determine cost-effective development pathways 
in the European electricity sector

Model: 
33 European countries
31 conventional or renewable generation and storage technologies
9 investment periods, five-year steps 2020 – 2050 
Good storage representation (including reservoirs, DSM)
Approximation of loop-flows in the HVAC electricity grid
CCTS and CO2 storage constraints

1. Investment
− Investment into Conventional and renewable generation, 

cross-border capacities
− Reduced time series used

2. Dispatch
− Investment result from step 1 fixed
− Time series with 8760 hours (validate result adequacy)

Outputs
 Investment into generation capacities, storage, 

transmission capacities
 Generation and storage dispatch
 Emissions by fuel
 Flows, imports, exports

Boundary conditions

Investment

Full Dispatch

Time series calculation

PTDF calculation

Assumptions
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Renewables become dominant electricity source in Europe
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 No new nuclear, hard coal, or lignite power plants emerge
 Natural gas usage reduces after 2030 to become backup technology
 Renewables become dominant electricity source
 Storage capacities (>400GW installed in Europe) balance fluctuations

Electricity Generation in Europe 2015 – 2050 
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Dispatch 2050 Germany in Februar
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Hour-to-hour operation of the German electricity system in 2050 (first two weeks of February)

 German electricity imports in February 2050 are from Denmark, Switzerland, Netherland, France and Austria. 
 The imports and exports with Sweden and Poland are even in total
 Germany exports 960MW on average to the Czech Republic.
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Hour-to-hour operation of the Italian electricity system in 2050 
(first two weeks of February)
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Hour-to-hour operation of the Italian electricity system in 2050 (first two weeks of February)

 In February 2050 Italy is also dependent on Storage and Imports
 Solar infeed is higher than in Germany
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Scenarios for the Break-through of the PV-Battery Pack

Scenario for 2033 Basis (NEP 2013, B 
2033) PV-Battery-Break-through

Grid Expansion delayed fast
Installed Capacity (GW)

PV 65 150
Home Storage ~0 40
Wind Onshore 66 65
Wind Offshore 25 7

Sum Wind 91 72
Generation (TWh)

PV 67 147
Wind Onshore 190 185
Wind Offshore 103 29

Cost difference to Base-Scenario (Million €/Year)
Renewables Expansion PV n.a.

Storage Expansion n.a.
Renewables Expansion Wind -7.5

Distribution grid expansion (high voltage) 64

Distribution grid expansion (medium voltage) -15

Distribution grid expansion (low voltage) 20
Transmission grid expansion -35

Residual generation cost -1.6
Source: Deutsch and Graichen (2015): „was wäre wenn ein flächendeckender Rollout von Solar-Speicher-Systemen Stattfände?“
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Retail prices and LCOE
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3.3 Negative emission technologies:
CCTS and others

Installed capacity equipped with Carbon
Capture in GW from different studies:
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Year
Study 2020 2050
IEA (2012) 4.9 77
Capros et al. (2011) 3 108
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… creates attention in „The Economist“
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… and amount of research on negative emissions increased 
substantially over the last decades

Fast growing research on 
negative emissions
• Negative emission 

technologies (NETs) have 
attracted growing attention in 
climate change research over 
the last decade.

• A total number of about 2900 
studies have accumulated 
between 1991 and 2016 with 
almost 500 new publications in 
2016.

• However, NETs research is 
relatively marginal in the wider 
climate change discourse 
despite its importance for 
global climate policy.

Source: Minx et al. (2017)



- 74 -

6 potential „negative emission technologies“

Source: Minx et al. (2017)
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Large-scale CCTS Projects world-wide
(IEA, 2017, Schiffer and Thielemann, 2017)
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Biomass + CCTS pilot projects are focussed on EOR-usage

Source: Kemper (2015).
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6 potential „negative emission technologies“

Source: Minx et al. (2017)
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Estimated costs, CO2 removal potential and maturity of
technology for various CO2 storage methods

Source: Harrison et al. (2014); 
darker shades indicate higher maturity.
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Agenda

1) Introduction

2) The setting for market and policy analysis

3) “Perfect competition”: The natural gas – coal switch

4) Idiosyncracies: Non-fossil fuel technologies: nuclear, renewables, 
negative emission technologies (NET)

5) Conclusions
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Conclusions: 4 Main Take-aways

1 Energy market, policy & technology analysis is “particularly
complex“, and makes it difficult to yield generally valid 
conlusions

2 Even the most competitive market segments may yield
different outcome in different jurisdictions, i.e. the natural
gas – coal switch

3 All non-fossil fuel technologies have undergone and are
currently undergoing significant „directed technological
change“, the outcomes of which are quite idiosyncratic

4 Energy economic research of the “energy transformation“ 
is particularly promising, but also challenging, with no
mainstream consensus to be expected
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