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Two Lines of Argument behind
Global Warming Mitigation Policies

« Explicitly projected impacts of global
warming ‘too large’

* Precautionary principle

— beyond certain regimes knowledge too
poor to weigh costs and benefits
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Facing Global Warming:
Two possible Climate Policies

Mitigation

Emissions

Socio-Economic System Climate System

Temperature
Impacts

Adaptation



Limits to ,Adaptation-Only‘?

© Bill Hare




When to Invest How Much into
which Energy Technology?
Phrasing as a Control Problem

_ Investment decisions
Investments In (control paths)
\ c(1)

« Renewables Emissions

» Efficiency

* Fossil Fuels Socio-Economic System Climate System
*« CCS

Temperature
Impacts

Max. ! [ dt Welfare(t) [c(-ty)...c(t)] exp(-rt);

_Cost-Benefit-Mode*



Conceptual Difficulties

e Impacts poorly known

— Often poor natural science/engineering
knowledge (at least today)

— Need for valuation of goods

 Need to weigh
— Present mitigation costs ... against ...
— Future avoided damages



When to Invest How Much into
which Energy Technology?
Phrasing as a Control Problem

_ Investment decisions
Investments In (control paths)
\c(®)

» Renewables
» Efficiency

* Fossil Fuels Socio-Economic System Climate System
* CCS

Max. ! [ dt Welfare(t) [c(-ty)...c(t)] exp(-rt);

VvVt Temperature(t) [c(-ty)...c(t)] within T- guardrail

Cost-Effectiveness-Mode*



CO,-Emissions
Business as Usual (BAU)
vs EU’s 2°C-Target
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The REMIND-R Model: Basic Characteristics

» Fully coupled macro-

Temperature
o economy and energy
max! GIobe}1\IWeIfare Global C/C\)2 Emissions system (Bauer etal. J.
W m Comp. Mgmt. Sciences
—{ | Macro Economy — g;‘:trg —2| Trade in 5: 95-117,2008)
) —| Permits .
Consumption C Costs 11 world regions,
> Energy heterogeneous capital
[ Output ¥ | conversions stocks in energy sector,
el __T international trade
Capital, Labour, Energy |/="¢"%Y Primary Energy i e
K L E endowments * Regionally specific
| , | / fossil fuel endowments
M | |
\ intertemporal and repewable energy
Trade in Final Good Trade in Coal, Gas, L Ca/ance of potentials
Qil, Uranium Payment

Benchmark (18t best) solution: Includes full when, where, what flexibility
Intertemporal optimization of regional welfare
Intertemporal equilibrium of capital, energy and goods markets (Pareto optimum)

2"d best solutions: Implemented by adding constraints
Delayed participation, Limited availability of technologies, ... Edenhofer et al.



The REMIND-R Model: Energy as Production Factor
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Mass Production lowers Costs

Costs
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Cost of Electricity (ECU(1990)/kWh)
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Options for CO, emissions abatement

357

Gigatons carbon (C) per year

2005 2050 i
year

Energy-induced emissions

- nuclear

|:| renewables

[ biomass + CCS Bruckner, Edenhofer,
[ ] fossil+cCs Held et. al., 2009
- efficiency

Coal/QOil/Nat.Gas cheap, pure time preference rate 1%,
450ppm target



Higher Resolved Energy System
(for 450ppm-eq)

B Coal

- Coal with CCS REMIND-R, ADAM 450ppm-eq, 4/6/2009, Steckel/Knopf
1200, I Oil

T Gas
vooo. ) Nuclear

B Biomass

] Biomass with CCS .
800 I Renewables Negative CO,

Emissions
600
CO,

400 Emissions

Energieverbrauch [EJ]

200

Year T5050 2060 2070 2080 2090 2100
Year

1%71 1980 1990 2000 2010 2020

Based on IEA-Daten (1971-2005) and REMIND-Results for

Edenhofer et al . 450ppm-eq (ADAM); Graphics by Jan Steckel (PIK)



Mitigation Costs & Value added by Individual

Technologies
(for 450 ppm (~50% 2°-Target) & 2050 equal per-capita emission rights)
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Energy System- Investments
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Hedging Strategy needed in view of
‘Irreversibility Effect under Uncertainty"

* Our actions may have irreversible effects:

— Investing too early in a specific energy technology
or adaptation measures may lead to stranded
Investments.

— Waiting too long on mitigation may trigger
Irreversible climate system or ecological effects.

— Again an application for optimisation, if
uncertainty is reflected in the welfare function.



Key Factor Climate Sensitivity

Larger & more frequent impacts of global warming

A

Increase of global mean temperature

Climate Sensitivity

Increase of CO,-concentration in the atmosphere

Y

CO,-emissions




Definition of Climate Sensitivity

 CS:=Change in global mean surface
temperature for doubling pre-industrial
CO, concentration, I.e.

 T(560 ppm CO,) — T(280 ppm CO,)

e Convenient climate system surrogate:
Uncertainty in CS explains > 50% of
uncertainty in global warming projections



Perturbing a Second Important
Climate Parameter

Climate Sensitivity
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Temp (t—x)

Ocean Heat Uptake
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Climate Sensitivity — Impacts
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The following graphs are from

Hermann Held, Elmar Kriegler, Kai Lessmann, Ottmar
Edenhofer:

Efficient Climate Policies under Technology and Climate
Uncertainty

Energy Economics — special issue on induced
technological change & uncertainty, 2009



The simplified Model

Simplifications in MIND as against REMIND

 Endogenous technical change over both
learning-by-doing and R&D In labor- and
energy-efficiency.

e Crudely resolved energy sector with
renewables, fossils, and fossil extraction.



e Starting with
a series of sensitivity studies...



Strong Influence of Climate Sensitivity on
Economically Optimal Emission Paths
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Addressing also Technological
Uncertainty

Factorial Design
. 10 Rogner Parameter (fossil resource base)

« X 10 Learning Rate of Renewables

« X 300 Climate (correlated climate sensitivity &
ocean heat uptake)

e — 30 000 ‘Parallel Worlds’



Co-Variation of Learning Rate
& Floor Parameter
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Lower Climate Sensitivity implies
Cost Reduction for 2° Target
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Climate Science's evergreen: Knowledge on CS
5...95% Quantiles

2001-
2005 : |
' | After Parameter Perturbations
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CS: 5...95% Quantiles

| I
PIK ! |
East Antarctica
Tr()piCS = this study (max LGM forcing]
this study (min LGM forcing)
| [ :'I"’ — Knutti (uniform)
13 Forest (expert)
—= Forest (uniform)
— Murphy (weighted PDF)

Assimilation of Paleo Data
2006

Schneider von Deimling, Held, Ganopolski,
IPCC I Rahmstorf, Clim. Dyn., 2006
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Paleo
Observations

Climate I Economic Growth
\
Bayesian MOdUI?S‘ Probability of \ Model
Learning on / observing l
(L;Ir)certtaln /l\ 2° target Desirable
P mate \ L ¢ . investment paths
arameters N ooFQ gcotnomlc/ for competing
N ( optmimisation, # mitigation options

\-_—’

A

Economic value of paleo information?

e LGM -> Climate sensitivity (Schneider von Deimling, Held,
Ganopolski, Rahmstorf, 2006)

 8k-event -> ocean time scales (Lorenz, Held, Bauer, Schneider;
2010; Heraeus-Prize 2008)



Economic Optimisation internalising
Uncertainty

Factorial Design
. 10 Rogner Parameter (fossil resource base)
« X 10 Learning Rate of Renewables

e X 300 Climate (correlated climate sensitivity &
ocean heat uptake)

e — 30 000 ‘Parallel Worlds’

e Optimise Expected Utility
e Under P(T<2°) = 75% boundary condition



Probabilistic Guardrall
‘Chance Constrained Programming’ (CCP)

Temperature Increase

Guardrail

Time

Temperature Increase

Time

Deterministic Guardrail

- Single Investment Strategy
- Single Temperature Profile
keeping the Guardrail

Probabilistic Guardrail

- Single Investment Strategy

- Multiple Temperature Profiles
due to Uncertainties

- p% keep the Guardrail

- (1-p)% may exceed the Guardrail



Two Guardrail Versions
+ Temperature

Ensemble Members

-

Guardrall

— —

"Time
e Version I: P(V, T(t) <T,,) =0—stricter condition

 Version Il: Givent, P(T(t) <T 50% or 100%

max) =

e Version | observed = Version |l observed



Optimal Investments into
Renewable Energy | P(T<2°) = 75%

Probabilistic economy & climate; P*=75%
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..disaggregated over time

GWP Loss [%]
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‘Uncertainty under Learning’

Why is studying anticipated learning interesting?

+ We are highly uncertain about the climate and economy
+ Investments are partly sunk

+ Emissions and climate processes are partly irreversible
+ We will certainly reduce uncertainty in the future

» Flexibility and anticipation of learning are valuable.



AEmissions

- I(

post-learn

Epre—leam /T\

E
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Point of learning

>
Time

- W/0 learning
w/ learning

¢+ Dynamic problem is solved as sequential stochastic
optimization problem in GAMS



Learning about climate sensitivity

0.8

Optimal emission trajectory

Probability Density
= o
e =)

e
i
T

_ . . lj'ﬂo] 2 3 a4 56

MISSIng flgure Climate Sensitivity / K

« Strong dependence of optimal
emissions on what is learned

* Much stronger emission reductions
if learning is anticipated

Schmidt, M., Lorenz, A., Held, H., Kriegler, E. (2010) Climate targets in an uncertain world.
submitted Clim. Change Lett.



1st Problem with CCP
‘Chance’ of Infeasible Solution

e Large - Climate Sensitivity ‘states of the
world’ dominate the prior emission path.

* |n order to prepare for the worst case after
learning, the allowed cumulative amount of
emissions before learning gets too restricted

— (Cumulative allowed Emissions scale with
(27°/CS- 1) in 15t order — Kriegler&Bruckner, Clim.
Change, 2004)



2nd Problem with CCP:

e Optimisation under expected learning may
not work within chance constrained
programming, as damage function is missing
& represented as constraint

— hence EVPI could be negative

e Compromise: Use ,Cost Risk Analysis®
(Schmidt, Lorenz, Held, Kriegler, subm.)
_ U(t) = Ustandard(t) —a P(T>T*)(t)
— Is a utility function
— Yet avoids having to know all the damages.



e Therefore: We switch to the cost benefit
mode for a moment....

e ...due to fat-tailed distribution of climate
sensitivity and related effects



Terminology

« Expected Value of
Information (EVOI): AEmissions
Overall welfare benefits
from anticipated learning

 Conditional EVOI
(CEVOI): T
Welfare benefits without

Point of learning

anticipation of learning ——
e Expected Value of ——  w/o learning

anticipation (EVOA): w/ learning

benefits due to - W/ learning, w/o anticipation

anticipation.

EVOA = EVOI - CEVOI .



Additional Model Spec*s

Further specifications of the MIND model for this study:

« Nordhaus‘s damage function
» Pure rate of time preference of 0.01
 CRRA (constant relative risk aversion) of 2.



Threshold Damages:

+ |rreversible, uncertain perpetual damage above T,["C] of
D [% GWP] or 0% with probabilities p and (1-p), such
that E(D,) = 1.5%.

+ Uncertain damage D, is revealed at time t,,.

1

Pliaresn =~ 1
X

12



earning about

Climate Sensitivity and Damages
Threshold damages

We find: Almost No Anticipation Effect
In the Absence of Threshold Damages



Results including Threshold Damages

EVOA, EVOI and Aemi, depending on t,.

Missing figure

(Lorenz, Schmidt, Kriegler, Held, subm. J. Envir. Mod. Assess.)



Outlook on
Optimisation under Anticipated Learning

Better (semi-)analytical understanding
Inclusion of all ‘major’ uncertainties

Endogenous learning in the technology
sector

— Soclety learns through implementation
Implementation of cost-risk analysis?



Further Topics

Early warning systems for bifurcations & their
economic value

Regulation of carbon storage

Impact functions for the insurance sector &
Insurabllity

Representing uncertainties through imprecise
probabilities



Three major Challenges for a
Climate Policy

* Diverging views on techno-economic
feasibility of mitigation & large-scale
adaptation

 Fragmented knowledge on global warming
Impacts

o Multi-actor effects — free-riding
— (De-)Stabilisation of coalitions
— Incoherent pure rate of time preferences



Post Copenhagen: Potential ‘Plan B’:
Linking of Regional CO,-Trading Systems

Canada ETS
USETS Max 740 Mt CO,eq
Max 7.000Mt CO.eq Start: 2010?

Start: ?

<
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> - e ‘ NZETS
‘on throt !!l Mt CO.eq
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*Creating ,Club-Goods’ — eg Technology Protocols
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Source: Flachsland, Lessmann et al. (2009)



Conclusions

Costs of transforming the energy system in-line with a 2° target
on the order of %4...2% GWP (deterministic analysis)

Inclusion of uncertainty without learning in cost effectiveness
analysis suggests decades earlier investments into mitigation
technologies

— Most likely in part triggered by nonlinearities in the technology
sector

Learning about climate sensitivity, climate damage amplitude and
threshold damages have considerable value of up ~0.1% GWP.

Uncertain, irreversible threshold damages are an exception
where anticipation is crucial and provides up to 99% of the overall
value of information.



European Institute for
Innovation & Technology (EIT)
3 Virtual Departments (KICs — max 15 years life time)

Innovation Stimulus

- - R Mitigation
IS CLIMATE-KIC & Adaptation

iyt~

Proposal for i~
Climate Dep‘t: =%

August 2009:  120M€ applied for (2010-2013)

December 2009: Funding approved (albeit reduced amount)



PIK leads Climate KIC on national & EU-Level

Netherlands

Litrecht University, Delft Technical
University, Wageningen University,
TMND, Deltares, Alterra, Province of
Ltrecht, Port of Rotterdam, Schiphol
Airport, Shell, DSM, ARCADIS

Berlin
Fl, TU Berlin, TU Minchen, GFZ, Bayer,
Eeluga Shipping, SAP, Solarvalley,

Areva, Siemens, PYocomB, BWE, regional
governments of Berlin and BErandenburg,
UnternehmerTUM, IBE-BET, EXIST,

“entur Fonds, High-Tech Grinderfands

West Midlands

West Midlands Regional Develop-
ment Agency, Ove Arup, Qinetig,
Eirmingham City Council, NISP,
12,000 SMEs

Londen

Imperial College, Cisco, Londan
Thames Gateway Institute for
Sustainahility, LSE, MCEQ, Parter
Alliance, Reading University, LI
Met Office, BMNSC, Akins Global,
Willis Re, Telefonica, ESA, Wheb
Fartners; Climate Change Capital

SME Knowiledge Transfer Networks,

SMEs e.g., Movacem, Plaxica,
Ceres Power, Guantasal

A

v
O

Co-location centre

Regional implementation
centre

Potential future
expansion — dialogue
angoing

Lower Silesia Wroclaw)
City of Wiroclaw, VWroclaw

Research Centre (EIT+)
KGHM, Fortum, Philips
4000 SMEs

Hessen
Regional government, TLU

Darmstadt, Deutsche Bank,
HSE, Rittal, Schott, E.on,
Infrasery, 15,000 SMEs

Central Hungary
City of Budapest, OBEKK,

Valencia

Fegional Government, IMP WA,
REDIT, Iherdrola, CEAM RE&D,
12,000 SMEs

GITR, ABONY, HANGY A
5,000 SMEs

Ziirich

Paris
Fondation Saclay: ParisTech, j

WS, IPSL, CEA, INRA, Emilia Romagna
Advancity, Meteo France, Thales, Regional government,
EDF, Emertec, 25EC, Incub ASTER, ENEA, LISEA,
Alliance SMEs e.q., AriaTech LEAP Confindustria
Moveltis MumTech Leospere 15 000 SMEs

ETH Zirich, MeteoSwiss,
Eawag, P31 W3l EMPA,
IBM, Siemens City of
Zirich, Vival Campus, ETH
Transfer, Technopark
Zirich, venture Incubator
Fartners, CTl Start-Up,
Venturelab, Obu Works for
Sustainahility




Missing figure

©P Chen



The scale-bridging role of a
Roadmap Process: Framing of Innovation

Scal Additional pre-competitive strategic
cale analysis & planning necessary — ‘scenarios’
Macro-
Level
‘Free market’ conditions
Company-
Level

# Sectors involved in new products ©Held
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