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Overview

. Has global warming stopped?

. Scope of the challenge

. The role of renewables in mitigation scenarios

. System integration from a technical perspective
. System integration from a cost perspective

. System integration from a market perspective

. How to cure market failures



1. HAS GLOBAL WARMING
STOPPED?



Has global warming stopped?
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» Looking at last 10 years, global warming seems to have slowed down or even stopped
* Has the IPCC made a major mistake?

* |s global warming real?



The influence of cutting the data!
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» Multiple reasons for stable temperatures last decade:
* “Slow down” last decades within natural variation
» 1997/98 exceptionally warm due to El Nino
 Cooling effect of increasing air pollution, particularly sulphur
» Temperatures likely to increase once clean air policies are
commissioned also in newly industrializing countries

 Looking at longer trends makes obvious that global warming has not

stopped at all



Long term trends show clear evidence
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» Temporal slow downs of global warming have occurred already in the past
* Recent independent examination of IPCC results (Berkeley Earth Surface
Temperature Project) has confirmed results



2. THE SCOPE OF THE CHALLENGE



World CO, Emissions [Gt CO, /yr]

Climate Policy as an Insurance
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GHG emissions resulting from the provision of energy services contribute
significantly to the increase in atmospheric GHG concentrations.

SRREN (IPCC, 2011) 8



We are not on Track — Renaissance of Coal!
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Renaissance of Coal?
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The BAU Scenarios could exceed the Level of Greenhouse
Gas Concentration of 600ppm (~4° C Temperature Increase)
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The Atmosphere as a Global Common

Atmosphere: Limited Sink
~ 230 GtC

Resource Extraction
> 12.000 GtC
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3. THE ROLE OF RENEWABLES
FOR MITIGATION
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The Current Global Energy System
IS dominated by Fossil Fuels

Direct Solar Energy 0.1%
/ Ocean Energy 0.002%

Bioenergy
10.2%

Nuclear
Energy 2.0% ——

Wind Energy 0.2%

I —— Geothermal Energy 0.1%

Hydropower 2.3%

Shares of energy sources in total global primary energy supply in 2008.

SRREN (IPCC, 2011) 14



The Technical Potential of Renewable Energies

Electricity Heat Primary Energy
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Global RE Primary Energy Supply from 164 Long-Term Scenarios
versus Fossil and Industrial CO, Emissions
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Global RE Primary Energy Supply from 164 Long-Term Scenarios
versus Fossil and Industrial CO, Emissions
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Global RE Primary Energy Supply from 164 Long-Term Scenarios  °
versus Fossil and Industrial CO, Emissions
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Additional Renewable Primary Energy Share
[Percentage Points Change Relative to Baseline]

The Importance of RES depends on the Availability of
other Options
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IPCC 2011
 Without the availability of CCS, Renewables become more important

19



Macroeconomic Effect of Renewables

increase of costs not feasible

Mitigation Costs, World, 550ppm

Mitigation Costs, Wgrld/400ppm
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Edenhofer et al. 2010

» without further deployment of Renewables costs increase for medium climate targets..
« ...and ambitious targets are not feasible any more
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Scenario Classification Matrix

Dimension| (Capacities, Fuels,

Modeling
Approach

Costs| Energy System |System Integration| Macroeconoir
(Grid, Storage,

Infrastructure)

Simulation

increasing scope »

Scenario
A

Partial
Equilibrium

Recursiv
Equilibri

Dyna
Equi

Scenario
..................................................................... 5

Less RES ™
deployment

...................................................................................................................................................................................................................................
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4. SYSTEM INTEGRATION FORM
A TECHNICAL PERSPECTIVE
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Numerical Limitations of Integrated Assessment Models

Time resolution: Geographical resolution:

Time steps of several years Aggregate world regions

- Fluctuations of -> Infrastructure
renewables neglected neglected (e.g. grids)

Technological challenge
with large shares of fluctuating renewables:

The electricity grid requires an
exact match of supply and demand
at any time and at any place.
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Integration characteristics for a selection of RE

electricity generation technologies

Time scalke See kegend See legend See kegend See legend
0.1-100 Seasons (depending on ++ + ++ 5090 Sirnilar to ++ +
. hiornass availdhility) thermal and
Bicenergy HP
PV 0.004- Iinontes to years + + + 12217 <515 + +
100
Diirect solar roodular
BHETTY C5P with 50-230 Howrs to years + +" + 3542 oo + +
therraal
storage”
— +H+ ++ 1rrl ++ ++
Geothermal enerzy 2-100 Years ML 6090 Sﬁnﬁﬂgﬁn
Runof ey | 0.1- Hours to years + + + A0-95 020 + +
Hyrdropower 1,500
Reservolr 1-20,000 [ Days to years ++ + ++ 30-40 Sirnilar to ++ ++
therroal
Tidal range | 0.1-300 Hours to days + + ++ 2A5-085 =10 + +
0 Tidal 1-200 Hours to days + + + 19-40 10-20 + +
ceAMEMEIZY |
Wanre 1-200 Iiimres to years + ++ + 2251 la + +
5-300 Iimaes to years + + + 2040 540 + +
Wind ELETEV DI'I.S]:'I.DI'E, 30—
45 offehore
* Assuming CSP system with 6 hours of thermal storage in US Southwest.
** |n areas with Direct Normal Irradiation (DNI) > 2,000 KkWh/m2/yr (7,200 MJ/m2/yr) |PCC 2011
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Capacity credit is an indicator for the reliability of a
generation type to be available during peak demand hours.

Technology [...] Capacity credit range
[...] %
Bioenergy [...] | Simuilar to thermal and CHP
U I [...] =25-75
Drrect solar energy CSP with thermal storage™ | [...] 90
Geothermal energy [...] Similar to thermal
L - Run of river [..] 0-90
Hydropower Reservorr [...] Similar to thermal
Tidal range [...] <10
Ocean energy Tidal current [...] 10-20
Wave [...] 16
Wind energy [..] 5-40

If a type of generation has a low capacity credit,
the available output tends to be low during high demand periods.

IPCC 2011
25



Integration Options for Renewables

Improved weather forecast
—> better planning of renewable electricity feed-in

Demand side management
—> adjust demand to renewable electricity feed-in

Flexible power plants Important Supply Side Options
—> provide residual load

Grid extension
- large area pooling of uncorrelated fluctuations (>300km):
Import / Export between countries

Energy storage

- remove electricity from the grid in times of high renewable
generation and feed-in electricity in times of low generation

26



Impact of Considering Fluctuations
In an Energy System Model of Germany

Most models do not Same scenario with
take into account consideration of
fluctuations explicitly: fluctuations:

600
500 Mitigation Costs rise by 20% when

considering the fluctuations of renewables! v
R | Geo

Electricity Production (TWh)

© Wind-offshore >—
- Wind-offshore o
o
Coal Y Coal
___ >
100 SN O \ Bio & Hydro
Lignite Bi0"G-Hydio- = Lignite =
N _ O g \ Gas Turbine .
2010 2020 2030 2040 2050 @ N —
L 2010 2020 2030 2040 2050
100% Renewables |<— | 80% Renewables |<—

Scenario: 80% domestic CO, emission reduction in 2050 vs. 1990
(Ueckerdt et al., 2011) 27



Integration Options for Renewables

Improved weather forecast
—> better planning of renewable electricity feed-in

Demand side management
—> adjust demand to renewable electricity feed-in

Flexible power plants
—> provide residual load

Grid extension
- large area pooling of uncorrelated fluctuations (>300km):
Import / Export between countries

Energy storage

-> remove electricity from the grid in times of high renewable
generation and feed-in electricity in times of low generation

28



Aggregated Transmission in 2050
In an Electricity Sector model of Europe

Baseline, 90% CO, reduction
no climate policy: In electricity sector:

>180 TWhia
150-180 TWhia 150-180 TWhia
mlp- 120-150 TWhia mlp- 120-150 TWhia
g 90-120 TWhia P g 90-120 TWhia
s m— 0-90 TWha Y N m— 0-90 TWha
— 30-50 TWhia — 30-50 TWhia

=180 TWh/a

Haller et al., 2012 29



Deployment pathways are not linear

400

—— EUNorth -> EUCentral

i
—— GB+IE -> EUCentral /___I, /
I
I
I

3004 — EUSouth -> EUCentral
— MENA -> EUSouth

200

-100 Regime B |

(wind + solar)

72010 2015 2020 2025 2030 2035 2040 2045 2050

Haller et al., 2012



Germany 2050: Electricity production
with network expansion (European Interconnectors)

— Demand

About 50% of demand covered by imports @

Dy y a1

[ IBiomass

I Wind Onshore
I \\/ind Offshore
[ Isolar PV

| ITransmission
gl GiyiiaigHeetST

I interday stor.

GW
o
o

e Import
* Producti

Scenario:;

90% CO,
emission

Large capacities of natural gas power plants irr?ductlon

required, especially in winter electricity
sector

hours Haller et al., 2012 31



Integration Options for Renewables

Improved weather forecast
—> better planning of renewable electricity feed-in

Demand side management
—> adjust demand to renewable electricity feed-in

Flexible power plants
—> provide residual load

Grid extension
- large area pooling of uncorrelated fluctuations (>300km):
Import / Export between countries

Energy storage

-> remove electricity from the grid in times of high renewable
generation and feed-in electricity in times of low generation

32



Germany 2050: Electricity production
without network expansion (Autarkic Germany)

— Demand

Large storage capacities required @

e Import
* Producti

e
i | Biomass
% 10077 i I Wind Onshore
_ I. | T Il \\/ind Offshore
80T .I II| [ ISolar PV
60 ¢ BN | [ rreremmesieg
40 1 e AT 1day/nigh stor.
= a ’ interday stor.
= |
piels BNy - m
- il 1 N - | Scenario:
0-7 = EREEE T | 90% C_OZ
emission
Large capacities of natural gas power plants irr?ductlon
required, especially in winter electricity
sector

W(Haller

et al., 2012, Energy Policy) 33



Interim Synthesis

Large back-up capacities of flexible gas power plants are required to
provide residual load in extended times of low renewable electricity
generation (European winter)...

...even with a European integrated electricity grid

...even with large day/night or medium-term storage
capacities (e.g. pumped hydro)

What are the implications for the costs of renewables?

34



5. SYSTEM INTEGRATION
FROM A COST PERSPECTIVE
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The Costs of Renewables are often still higher than those

of Non-Ren

ewables but...

]
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Solar Electricity e
Geothermal Electricity | [l
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Ocean EIECtriCity - I } Medium Values . Electriciw
. .. Heat
Wind Electricity 0 i
— Upper Bound . Transport Fuels J
Range of Non-Renewable Electricity Cost
-
Biomass Heat | INIIR
Solar Thermal Heat =
Geothermal Heat | [N
v
Range of Oil and Gas Based Heating Cost
Biofuels | NI NN
I_'_I
Range of Gasoline and Diesel Cost
0 25 50 75 100 125 150 175 200 225 250 275
[UsD,,,./GJ]

> Levelized Cost
of Electricity

> Levelized Cost
of Heat

Levelized Cost
of Fuels

IPCC SRREN (2011)
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...some RE Technologies are already competitive

Biomass Electricity
Solar Electricity
Geothermal Electricity
Hydropower

Ocean Electricity

Wind Electricity
Biomass Heat
Solar Thermal Heat

Geothermal Heat

Biofuels

[UScent,, . /kWh]
10 20 30 40 50 60 70 80 90
IRREE Small scale CHP
I (steam turbine)
< Binary cycle plant
- — Lower Bound Non-Renewables
- I }Medium\lalues B Electricity
— I Heat
[E— — Upper Bound ] Transport Fuels

Range of Non-Renewable Electricity Cost

T <4— Domestic pellet heating system
=

L E————
Range of Oil and Gas Based Heating Cost

mineg

I_'_I
Range of Gasoline and Diesel Cost

Palm oil biodiesel

-

25 50 75 100 125 150 175 200 225 250
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-’
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of Heat
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of Fuels

IPCC SRREN (2011)
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Average Price [USD, . /W]

100

50

10

0,5

Learning-by-Doing

1976
[65 USD/W] @ Produced Silicon PV Modules
(Global)
Onshore Wind Power Plants |
(Denmark) I

& Onshore Wind Power Plants -
(USA)

i

2010
[1.4 USD/W]

1984 —
[4.3 USD/W] 2009
1981 — [1.9 USD/W]
[2.6 USD/W] |
- 2009
[1.4 USD/W]
10 100 1,000 10,000 100,000 1,000,000

Cumulative Global Capacity [MW]
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What are the total costs of variable renewables (VRE)?

Investment Demand
(Learning correlations
Curves) (RLDC)

Total costs Generation

of variable Costs
renewables (standard LCOE)

Quality of the
renewable
potential

Flexibility
Options e.g.
storage and
transmission

LCOE indicator needs to be extended.

Additional system costs can be crucial.

Residual
Power
plants
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.

,System LCOE" cover the arguments of Joskow and Hirth

from a cost perspective

Private
perspective

System
perspective

Cost

Standard LCOE

System LCOE

Value/
Benefit

VRE investor’s
profits depend on
price distribution
(Joskow's 2011)

Market value of
VRE decreases
with increasing
shares
(Hirth 2012)
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Presenter
Presentation Notes
Social erklären (total-cost-effective solution to cover demand)


Load
(GW)

L p
Capacity factor v

()

() ()
A

()

Load
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System LCOE increase with higher share of variable renewables

ol VREIgenerat?or; | ] 1 huge Cha”enge with h|gh
System ol VRE generation (no curtailment) | ShareS: VRE LCOE increase
LCOE due to curtailment
(€ct/kWh)

8_

German data (2008), wind:solar=3:1,
No climate externality, no flexibility options

| |
10 20 30 40 50 60 70

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F ' ' . .
VRE generation ] 1 huge Cha”enge with h|gh
S stem VRE generation (no curtailment) . :
y I | - fossil athout VRE) | shares: VRE LCOE increase
LCOE due to curtailment
(Ect/kWh)

8 -

6 -

4 -

2 -
German data (2008), wind:solar=3:1,
No climate externality, no flexibility options

O | | | | |

| |
10 20 30 40 50 60 70

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F ' ' . .
VRE generation ] 1 huge Cha”enge with h|gh
S stem VRE generation (no curtailment) . 1
y I | - fossil athout VRE) | shares: VRE LCOE increase
LCOE fossil due to curtailment
(Ect/kwh) A | * fossil system LCOE increase
with VRE
6 -
4 //
2 -
German data (2008), wind:solar=3:1,
No climate externality, no flexibility options
0 | | | | |

| |
10 20 30 40 50 60 70

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F

VREIgenerat?or; I | | | b huge Cha”enge W|th h|gh
System ol éi:lijv?;fj:'fc Fg'”E‘;C“”a"me”t) | shares: VRE LCOE increase
LCOE fossil due to curtailment
(€Ct/kWh) VRE + additional costs | ° fOSS” System LCOE increase

with VRE

|  these additional system costs
are small (~10%) when added
to VRE generation LCOE

German data (2008), wind:solar=3:1,
No climate externality, no flexibility options

| |
10 20 30 40 50 60 70

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F

VRE generation 1 huge Cha”enge with h|gh
System VRE generation (no curtailment) shares: VRE LCOE increase
10| e fossil (without VRE) ) .
LCOE fossil due to curtailment
(€Ct/kWh) VRE + additional costs

| * fossil system LCOE increase
with VRE

I LR | * these additional system costs
_ are small (~10%) when added
to VRE generation LCOE

 with variability: medium
increase of VRE LCOE (for
shares <50%, in Germany)

German data (2008), wind:solar=3:1,
No climate externality, no flexibility options

| |
10 20 30 40 50 60 70

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F

VRE generation 1 huge Cha”enge with h|gh
System VRE generation (no curtailment) shares: VRE LCOE increase
10| e fossil (without VRE) ) .
LCOE fossil due to curtailment
(Ecthwh) VRE + addiional costs | « fossil system LCOE increase

with VRE

|  these additional system costs
are small (~10%) when added
| to VRE generation LCOE
 with variability: medium
""""""""""""""""""""""""""""""""""""""""""""""" 1 Increase of VRE LCOE (for
German data (2008), wind:solar=3:1, shares <50%’ In Germany)

No climate externality, no flexibility options | e total system LCOE increase
0 20 30 4 5 60 70 with high shares of VRE

Share of variable
renewables (%)
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System LCOE increase with higher share of variable renewables

12F

VRE generation 1 huge Cha”enge with h|gh
System VRE generation (no curtailment) shares: VRE LCOE increase
10| e fossil (without VRE) ) .
LCOE fossil due to curtailment
(Ecthwh) VRE + addiional costs | « fossil system LCOE increase

with VRE

|  these additional system costs
are small (~10%) when added
| to VRE generation LCOE
 with variability: medium
""""""""""""""""""""""""""""""""""""""""""""""" 1 Increase of VRE LCOE (for
German data (2008), wind:solar=3:1, shares <50%’ In Germany)

No climate externality, no flexibility options | e total system LCOE increase
0 20 30 4 5 60 70 with high shares of VRE

Share of variable
renewables (%)

« system implication fully considered
 social cost perspective = indicator for policy maker

« method not very simple = improve framework
48



Impact of Considering Fluctuations
In an Energy System Model of Germany

Most models do not Same scenario with
take into account consideration of
fluctuations explicitly: fluctuations:

600
500 Mitigation Costs rise by 20% when

considering the fluctuations of renewables! v
R | Geo

Electricity Production (TWh)

© Wind-offshore >—
- Wind-offshore o
o
Coal Y Coal
___ >
100 SN O \ Bio & Hydro
Lignite Bi0"G-Hydio- = Lignite =
N _ O g \ Gas Turbine .
2010 2020 2030 2040 2050 @ N —
L 2010 2020 2030 2040 2050
100% Renewables |<— | 80% Renewables |<—

Scenario: 80% domestic CO, emission reduction in 2050 vs. 1990
(Ueckerdt et al., 2011) 49



6. SYSTEM INTEGRATION FROM
A MARKET PERSPECTIVE
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The Current Market System: Merit Order Pricing

Marginal Cost

Price
without nuclear
plants

Price with
nuclear plants

Marginal Cost

Price without
replacement

Price with
replacement

>

Electricity demand

Exit from nuclear energy

Capacity (performance)

Electricity demand

Increasing pentration of

renewables

Capacity (performance)
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Electricity price, spot market [ct/kWh]

4

—e— Exit 2015 — coal

Wholesale Market Prices

2015

2020

--e-- Exit 2020 — coal —®— Exit 2022

Merit-Order effect of increasing shares of renewables:
Decreasing power prices

(Knopf etal., 2011) 52



Wholesale Market Prices

_»
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Well designed capacity markets necessary?

Market design for integration of renewables?

W TS

A ra v

A w ey | A wrw W)

Knopf, Pahle, Edenhofer (2012)

Uncertainty due to further development of exogenous drivers, e.g. gas price

Uncertainty due to market design for renewables
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System Integration

A demand span

_ < >
PriCE frrsrsssarersmrarmimrarnsnraransharansnrransasnansasananas

Peaking plants
Natural gas

Hard coal

Lignite

[
»

supply
Demand: Fluctuating, Supply: Conventional only
Price set by marginal plant, mostly natural gas
Avqg. price close to marginal cost of natural gas plants
High price span due to supply curve curvature

54



The Energy Tranformation in Germany:

Increasing Share of Renewable Energy in Electricity Generation

100% -

80% X

60% -

40% -
20% -

1990 2000 2010 2020 2030 2040 2050

X: government target

55



System Integration

A demand span
< P>

price _
Peaking plants

Natural gas
Hard coal
Lignite
RES

supply
* RES entering the market at zero marginal costs

— Peaking plants and less efficient natural gas no longer
needed: Plants decommissioned

— Low average price reduces invest. incentive for plants
— Low price span reduces invest. incentive for storage
56



System Integration

A demand span

_ >
price _
Peaking plants
Natural gas
Hard coal
Lignite

RES

supply
e But: Fluctuations matter if share of RES is high!
= “Left shift” of convent. supply if RES supply is low
= Insufficient supply if demand is high at the same time
— Reliability/security of supply endangered
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Stunden

Negative Spot Prices:

Indicator for a Market Failure
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System Integration

* Challenge long-term scale: Delivering adequate capacity
— Possible solution: Capacity mechanism

* Challenge short-term scale: Delivering flexibility

— Possible solution:
Storage, DSM,
Grid, Plant flexibility

FAST: Flexibility
Assessment
Method (IEA 2011) Additional

flexibility needs from
variable renewables

Step 1: identify flexible resource

Dispatchable

plant

Storage

Interconnection

Smoothing through
geographical and

VRE technology spread

(assuming a strong grid

v

Step 2: how much of
that flexible resource is
available?

!

Step 3: what is the Existing flexibility needs
net flexibility need? (demand, contingencies)

The power area
context

Step 4: compare need
with available resources

If necessary, deploy additional

v
Optimise availability
of existing flexible resource.
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/. MARKET FAILURES —
AND HOW TO CURE THEM
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Externalities & Implied Policies along Innovation Chain

Applied Basic Demons- Niche Diffusion /

R&D R&D tration Markets Integration
Source:
Grubb (2004)
(adopted)

Network / Coordination Ext.
(e.g. building up supply chain)

R&D Spillovers Learning Spillovers

Source:
. Jaffe et al. (2005)
Information Ext. Rodrik (2004)

.. . . Fischer & Newell
(e.g. cost uncertainties, imperfect capital market) (2008)

Technology Push Policy Market Pull Policy

» Externalities: Empirical evidence and relevance?
» Implications for RES support scheme design (FIT, CfD, TGC, Auction)?
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Case 1: Carbon Pricing is necessary and sufficient

A A
MC Black
MC Black MC Green  Ejectricity Il\E/llgc?rrii‘ietn
Electricity Electricity Y
Social Costs
of Carbon
PE, ¢
PE, & PE1 ®
> t >
Black Energy Black Energy J

Edenhofer et al. 2007
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Case 2: Additional Promotion of Renewables is not reasonable

MC Black
Electricity

PEs

PE>

PE:1

MC Green

7

-1

|

‘ Electricity

Black Energy

—

A 4

> Several stable equilibrium
points (PE3 and PE1) are
possible if the supply curves
show a non-convex
behavior

(PE, is not stable).

>Without additional policy
support, the system will
steer

towards the neighboring
equilibrium point PE;.

»PE; > PE;:
the system is efficient.

Edenhofer et al. (2007)
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Case 3: Additional Promotion of renewables is reasonable

MC Black 4
Electricity MC GI:E(.E‘H
/ Electricity

PE *

3

»The internalization of the
social costs of energy
supply (e.g. via a cap and
trade system) improves the
competitiveness of
renewable energies

Social Costs of Carbaon

PE,

»As long as the cross-over
point PE; does not vanish,

this, however, still results in
o > an inefficient state.

|
|
|

Black Energy

A 4

Edenhofer et al. (2007)

64



FROM MARKET FAILURES TO
POLICY INSTRUMENTS
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0.8

0.6

0.4

0.2

Robustness of Policy Instruments

Consumption Losses compared to 1st-Best (in %)

17% Learning Rate

. -1%

Subsidy FIT Quota  No Policy

0.8

0.6

0.4

0.2

Consumption Losses compared to 1st-Best (in %)

25% Learning Rate

——T7\
m opt

Subsidy FIT

Quota No Policy

Consumption losses relative to the 1st-best optimum of optimal and “close-to-be-
optimal” instruments that deviate by +1% and -1% from the optimal value.

Kalkuhl, Edenhofer, and Lessmann 2012
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Welfare losses [%]

16
14
12
10

2nd Best-Technology Policy

Welfare losses in BGE consumption losses [%]

Compéred to optirﬁal carbon prfcing policy |
— s Compared to BAU (no policy)

Kalkuhl, Edenhofer & Lessmann 2011
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RENEWABLE ENERGY SOURCES

AND

CLIMATE CHANGE MITIGATION

SPECIAL REPORT OF THE
INTERGOVERNMENTAL PANEL I c c (JQ?
ON CLIMATE CHANGE
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