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Week 1: Introduction
What is policy?
Strategy or course of action that government takes

What is policy instrument?
Particular regulatory or legal framework: for climate change: investment and funding, subsidies, technology standards, performance standards, taxes and fees, permitting systems

What is policy analysis?
1. Identifying appropriate policy to further the various objectives one might have
2. Find effective policy instruments
3. Appraising effects of those instruments in order to improve them

Politics  choice of policy and instruments  effects of choice
	Important to define problem in such a way as to not bind you to ineffective solutions
· Problem definition can remain loose to gain broader consensus on policies
· Who should solve the problem?
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Bardach on public sector: 
1) Market failures leading to inefficiencies: public goods, externalities, information asymmetries, increasing returns to scale and natural monopolies, slowdown of business cycle
2) Inequalities: economic inequality, discrimination and prejudice, historical suffering
3) Things we expect government to do and lack other institutions: schools, libraries, postal services
Bardach:
· Avoid trying to solve problems just because they cause other problems. Example: is moderate inflation a problem to be solved?
· Iteration is needed to find real problem
· Contradiction: “If you can’t solve a problem, expand it” and “If you can’s solve a problem, narrow it down”  this depends on it the problem/challenge is technical or political

System Dynamics
	System Dynamics is an approach to understand nonlinear behaviour of complex systems over time by using stock flows, feedback loops and diagrams
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[bookmark: _GoBack]Week 2: Investment Appraisal and Cost Effectiveness Analysis
	Costs:
· Investment costs
· O&M costs
· Taxes
· Other running cost (fuel)
· (Quantity of output)
	Revenue:
· Quantity of output
· Price of output



Profitability Indicators
Cash-flow
· Sum of expenses and revenues over period of time
· Investors need to maintain liquidity  cash-flow matters
· Important: nominal cash-flow does not consider discount rate
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Payback period P
· Time taken for a project to recover its initial investment
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Problem: Payback time important for liquidity but opportunity cos of capital not considered

Cash-flow: real
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Discount rate: represents cost of capital

WACC (Weighted Average Capital Cost)
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NPV (Net Present Value)
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· Projects net contribution to wealth
· NPV = 0, all costs are covered; NPV>0: investment attractive, choose one with highest NPV

IRR (internal Rate of Return)
Rate at which investment has 0 NPV  Return rate of investment
	
	r=IRR



IRR > cost of capital  project is more profitable as minimal desired return  investment attractive
Choose based on highest IRR
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LCC (Life-cycle cost)
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	Example: LCOE (Levelized Cost of Electricity)
	LCOE is (discounted) life-cycle cost normalized by discounted expected power output over lifetime 	of project
			[image: ]
· Good concept to calculate Feed-in tariffs (FiT)
· Good indicator to compare technologies
· Only useful when comparing options that provide exactly same output!

	Private sector only financing
Discount rate = private sector
Financing cost for private investments (WACC)
	Public sector involvement
Public sector installs policy to incentivize private sector investments
1. Discount rate: WACC for private sector
2. Discount rate: public sector financing cost (gov. bonds)




CEA (Cost Effectiveness Analysis)
Objectives:
1. Reach certain target at minimal costs: What is most efficient (cheapest) option to reach target?
2. Achieve maximal impact for given cost: e.g. maximal pollution reduction for that budget?
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Incremental costs: additional costs of a policy/project compared to the baseline
How to select baseline?
1) Existing baseline (assumes replacement of existing assets)
2) Marginal baseline (“what would be built otherwise”)
3) Combines baseline: mixing existing and marginal baselines (how to determine mix?)

Incremental costs can be negative!! (if lower than the baseline)

Environmental impact assessment: aims to predict environmental impact of the policy/project options and of the baseline
· Important to consider timing and potential irreversibility of impact
· Several stages: screening, scoping, data collection, comparison with other regions, calculations
· Sometimes several factors matter  multi-criteria assessment

Abatement/relative costs: indicate how much a policy/project costs per unit of environmental impact reduction provided
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If different options are needed to achieve certain target  Marginal abatement cost (MAC) curve

Sensitivity analysis:
	· Incorporating uncertainty and future assumptions
· Uncertainty often hard to estimate
· Take key metrics and evaluate a change of += 33% of the metrics on NPV or abatement cost.
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Week 3: Uncertainty and Framing

Dunning-Kruger effect:
[image: CN9ECT-VAAA-QdI.png]
5 Types of uncertainty
1) Randomness: stochastic behaviour, we know range but not the value
	Deal with it: Sensitivity analysis (e.g. Monte Carlo), Estimates from experience, Hedging
2) Indeterminacy: ‘Qualitatively known, not reliably quantified’, ‘we know X leads to Y but not how much’
	Deal with it: Attempt to quantify anyway, Heuristics, Stylised facts
3) Reductionism: Incomplete understanding of the system: ‘X connects somehow to Y, not sure how and what else’, ‘We can’t measure X, so we measure Z instead’, prox relationships
	Deal with it: Lay knowledge, mixed methods (quantitative + qualitative)
4) Paradigmatic uncertainty: Narrow perspectives: ‘X is what we do, we’re experts in this field’, Neglect of the unseen: ‘Perspective Y isn’t relevant/ real science’
Deal with it: Interdisciplinary co-production of knowledge, stay curious
5) Unknowable relations: Unknown unknowns, Black Swans, Ontological uncertainty ‘I have no idea what just happened’, ‘It wasn’t supposed to do that’
Deal with it: Humility, Adapt

Type 1 error: false positive, reject null hypothesis when true
Type 2 error: false negative, accept null hypothesis when false
Type 3 error: correct answer to wrong question  using wrong method
	(sometimes used intentionally to distract from real problem: mental bait-and-switch)
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Framing
Definition of problem also circumscribes its solution
· Determines what methods and options are debated
· Essentially casting your subjective reality as ‘objective’  acts as a filter for acceptable topics
· Experts tend to be more resistant to reframing
Cognitive bias, subset of anchoring

Reach objective answer to any question:
1. Carefully frame your problem
2. Get audience to buy in to your frame
3. Present the problem
4. Present your answer, which floats within the problem frame
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Game Theory

What is game theory: Study of mathematical models of conflict and cooperation between intelligent rational decision-makers
How is it useful for policy analysis?
· Way of structuring thought about indirect effects of policies, in particular policies that involve possibility of cooperation
· Way of clarifying one’s thinking about what is going on and what interventions might work
Limitations of game theory and agent based modelling:
· Simplified model  are insights really valuable?
· Decision makers are neither intelligent nor rational
· Time when game theory is most useful is when it appears to conflict with what is happening in the world.

Can be divided in several ways:
· Cooperative/ Non-cooperative
· Symmetric/ asymmetric
· Zero-sum/ non-zero-sum
Cooperative vs Non-cooperative games
Cooperative games are the ones in which Pareto optimum and Nash equilibrium in different cells.
· Example of cooperative games:
· Common goods, tragedy of the commons  
· Examples of non-cooperative games:
· Firm location (firms can’t benefit form cooperation non-cooperative)
· Market entry (cooperation only benefits one firm  non-cooperative)
·  Price matching (cooperation is illegal  non-cooperative)  
Zero-sum vs Non-zero-sum games
Non-zero-sum game: usually cooperative games, like ultimatum game
Zero-sum game, one winner and one looser, total payoff fixed, only question is the repartition

Basic lessons: often situation where agents will get to suboptimal outcomes. Including element of cooperation can help in form of coalition building. Alternative to cooperation are punishment regimes
Week 4: Uncertainty analysis

Risk is outcome of action take despite given (known/unknown) uncertainties
Investment risk: combination of probability of negative event occurring and potential financial impacts to investor of such a negative event, should it occur
Risk = probability of event * financial impact
· Can be mature before, during and after the actual project life time
· Can make investment very unattractive
Any analysis of large investments should incorporate uncertainties

Transformation of uncertainties into random variables based on
· Historical data and experience (often not enough, consider/ correct for today)
· Theoretical considerations
· Subjective estimation

Possible distributions: normal, triangular, uniform, discrete

Include it in NPV by “sum up” uncertainties
Monte Carlo simulation produces distribution of each uncertainty  via iteration probability distribution for entire risk is approximated  the more runs the more accurate

Uncertainties can be modelled in many ways!

Interpreting value at risk:
[image: ]
Hedging risks with options:
· Buying option now translates into (small) immediate expenses
· Call option: right to purchase commodity at certain price
· Put option: right to sell commodity at certain price
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Real world:
· Price uncertainties much more complex and dependent
· Cash flow restrictions and tax effects
· Firms typically manage portfolios of assets
· Grid integration of technology
· Several more technologies
· Stakeholders of such projects (e.g. public acceptance)

Week 5: Risk analysis

Aleatory risk: unpredictable, stochastic events that cause harm
Risk  Probability x Vulnerability x Damage
Individual risk: chance of death of an individual
Societal risk: number of people suffering harm
Risk probability:
Fault trees
· Risk usually comes from compound failures: possible outcomes of permutations of problems
Human error:
· Wrong behaviour of humans in critical situations: training, documentation and procedures, sabotage does happen  management mistake

Generalized Peter Principle: ”Anything that works will be used in progressively more challenging applications until it fails.

Risk vulnerability: How exposed are you to a problem?
Often depends on resources: poor people are especially vulnerable

Risk damage:
Damage varies: pregnant women and children differ from grown men
Data scarcity: experiments unethical, actuarial assessment, e.g. insurers and reinsurers

Visualize risk:
Individual spatial risk: iso-risk contour maps
Societal risk: FN plot: fatalities vs. frequency in log/log plot; define tolerable region and acceptable region
ALARP criteria: As Low As Reasonably Practical

Epistemological/ ontological aspects:
· Risk analysis is clearly bound
· Risk may be considered out of scope
· Risk may be overlooked
· Adapt when it happens

Examples: Bhopal (chemical accident), Fukushima Daiichi (Nuclear accident), Aceh (Sumatra tsunami)

Risk resilience
Start managing risk long before a problem happens			
Prevent: Minimise your chances of problem and your vulnerability, Training, documentation, backup equipment (on site), spatial/ temporal separation
Respond: monitoring and alarms, response plans, scenarios, training, documentation, checklists, emergency services/ equipment
Restore: get things fixed temporartily, backup equipment
Rebuild: make it better than before, redefine your plans to make them better for the next time
Data quality, error and presentation

Critical limit theorem: multiple PDFs (probability density functions) sum up to normal distribution
Error propagation: sum of error of variables ≠ sum of variables
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p-values: statistical significance, level at which null-hypothesis must be rejected, 0.05 is arbitrary
Statistical analysis: use carefully!! Garbage in  garbage out
Long tail: we don’t pay attention to small end of distribution (Neglect of the unseen at work)
Discounting only makes sense <25 years

Bad data: confidential data, unhelpful bureaucrats, proxy measurements, measurement or processing errors, mismatches between data sets, hidden caveats

Graph and captions: any graph should be understandable with only its caption to guid the reader
	 KISS: Keep it simple, stupid

Week 6: Optimisation models

Why do we need optimisation models?
· Tool to make sure everything adds up
· Analyse options for configuring your system
· Maximise profit / ‘utility’
· Minimise cost / time
· Possible to use it as part of / in combination with another model or analysis method
What is an energy system?
· Consistent set of: Primary energy resources, conversion technologies, demand for energy services
Linear optimisation: set of conversions A*x = y with constraints
· #gas plants x size x efficiency = electricity produced
· electricity produced – electricity used = 0
· #gas plants x size x emissions = CO2 emissions
· CO2 emissions <= CO2 emissions target
 finding lowest point in an (n+1) dimensional space where n are capacity variables and +1 is the cost
Solve it by using solver (Simplex-Algorithm)
 change capacities to minimise system costs
· Linear model is computationally (relatively) light and deterministic  (Relatively) easy to manage and tweak
· No feedbacks like with system dynamics models
· Never use it without checking what happened and looking at implementation  Garbage in, garbage out
· Local optima are possible (due to non-convexity)

Dynamic models: intertemporal optimisation
Perfect foresight:
· discount future investments, costs and yields
· complicated constraints connect between time periods
· feedbacks from future to now possible  perscriptive


Myopic optimisation:
· cannot have feedback from future to now and path dependency in one model ( with same mathematics)

Week 7: Multi-Criteria Decision Analysis (MCDA)

Eightfold Path from Bardach
Construct the alternatives, select the criteria, project the outcomes  done with MCDA model building
Amis of MCDA:
· assess several policy alternatives
· Acknowledge existence of multiple criteria that cannot be evaluated using same units
· Combine priorities of policy makers, stakeholders, and public with evidence-based assessment of policy outcome

Choosing criteria:
Value-focused or objective-focused thinking:
· Elicit overall objectives of the relevant actors and translate these objectives into measurable criteria
Alternatives-focused thinking:
· Define the criteria by thinking through the strengths and weaknesses of the different alternatives

Requirements for the criteria:
· Value relevance: is it possible to link these criteria to goals of policy / decision makers
· Understandability: shared understanding of the criteria exists
· Measurability: performance of policy alternatives can be measured against this criteria
· Non-redundancy: several criteria should not measure the same concept
· Judgement independence: preference for one criterion should not depend on outcome of another criterion
· Balancing completeness and conciseness: criteria list is complete but not more detailed than necessary
· Operationality: usable with reasonable effort within time constraints

Different weighting of the criteria
Criterion-by-criterion performance (or evidence-based assessment) + Criteria weights (or priorities and values) = overall weighted performance

Weighted sum method (simplest and in line with MAVT [Multi-Attribute Value Theory])
	
	a – policy alternative
V(a) – overall MCDA performance of alternative a
m – total number of criteria
wi – weight of the criterion i
vi(a) – normalized performance (value) of the alternative a on the criterion i


Weighted sum method and MAVT assume additive function and thus compensation!
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Key elements:
· How/Which criteria to choose
· How to weight them
 playing with these elements have a very big effect on the end result!

Additional steps needed: sensitivity analysis, uncertainty analysis, robustness analysis, development of new alternatives, decision and development of action plan

Week 8: Expert Elicitation

	Ask experts only where they cannot speculate
Pose questions that experts can reliably answer
Define the case and questions well and precisely
Cut problem into tangible pieces

Aim of expert elicitation:
· Collect quantitative evidence, using judgments of knowledgeable experts in interviews, survey or workshop
· Inform timely assessment and decision making under deep uncertainties and lack of other evidence
· Complement – rather than replace – other types of evidence
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Application examples: natural or environmental phenomena, characteristics of new/future technologies, new or poorly understood risks, policy assessment, …

Pitfalls of expert elicitation:
· Availability bias: overestimate probabilities of it happening again if it happened recently/ close
· Tip: Before elicitation help experts recall the evidence
· Quantitative estimates vs. qualitative words: different experts have different understanding of the same word/value
· Tip: Elicit quantitative probabilities and other values, not qualitative
· Anchoring and adjustment bias
· Overconfidence

Reducing biases:
Availability bias: Help expert recall the available evidence and their mental models before eliciting judgements
Overconfidence and anchoring and adjustment bias:
· Let experts choose own scale (not anchor them with your scale)
· Start with eliciting higher and upper bounds, not best-guess estimates
· Prompt them with additional questions
Beware of the diversity in expert judgements!
In case of very diverse expert judgements  more suitable to do sensitivity analysis rather than combine them

Use and abuse of expert elicitation in support of decision making for public policy - Reading
Are there any experts?
· When there are no empirical data or no validated model don’t ask experts
· If there is data available there are experts
Interpretation of probability
· Subjective probability should converge to classical probability
· Careful with anchoring, ask first about extremes
Avoid overconfidence
· If enough questions asked to expert, plot calibration curve  translation from probabilities given by expert and probabilities in the real world
Drop experts whose calibration score is lower than a cutoff
If many experts have very different evaluations don’t combine their answers
Danger: some may find expert elicitation as simple low cost low effort alternative to serious research

Week 9: Cost-Benefit Analysis (CBA)

Aims of CBA:
· Asses value of project or policy as compared to business-as-usual or compare several alternatives
· Take perspective of society as whole instead of perspective of individual firm/person/gov.
· Monetize and weigh all direct, indirect and external costs and benefits

Private perspective: Cost Effectiveness Analysis
Public (societal) perspective: Cost-Benefit Analysis  include indirect and external benefits
· Monetary benefits or costs incurred in secondary markets (agricultural/industrial/commercial use of remediated site)
· Benefits or costs due to non-market impacts (negative externalities)

Consumer surplus: Market prices do not reflect the complete value of product/service to tis consumers
	Value of product = market price + consumer surplus




Evaluating indirect/external costs and benefits
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Market price: Value of national park could be monetized based on entrance fee and number of visitors
Hedonic pricing: Inconvenience due to traffic noise could be monetized using housing price difference close to and away from traffic
Hedonic wage method: Health risk could be monetized based on wage difference in jobs with and without this health risk
Travel cost: Value of recreational facility could be monetized based on travel costs for accessing it
Averting evaluation method: Inconvenience due to traffic noise could be monetized based on costs of double-glazed windows to decrease noise exposure
Defensive behaviour method: Injury risk could be monetized based on the costs of helmets for biking
Cost of illness and loss of output method (human capital approach)
· Health impact could be monetized as the costs for treatment (hospitalization, medication etc.), plus the loss of output due to reduced working time (absence days times daily wage)
· Health impacts on children and elderly, the loss of output of their relatives could also be accounted for
Contingent valuation:
Willingness to pay (WTP): In survey respondents asked for max. amount the would pay to get good or avoid negative impact
Willingness to accept compensation (WTA): In survey respondents asked for min. amount of compensation they would accept to abandon good or bear negative impact (BIASED: if you have good the value of the good to you is higher than what you will pay for it if you don’t have it!)
Choice models: respondents choose among several alternatives, where costs are one of the alternatives attribute

Value of a statistical life (VOSL or VSL)
Value that society considers economically efficient to spend on avoiding death of an undefined individual

Ways to define VOSL: hedonic wage method, loss of output approach, WTP or WTA
But: age matters, if WTP used parents have to answer for children, human capital approach: pensioner or woman staying at home with children or cancer patient negative value?

Shadow price: social opportunity cost of a good or service (≠market prices)
Converting market prices to shadow prices: remove taxation, use prices at countries borders, use additional conversation factors to account for price difference in world’s and domestic market
Shadow wage: social opportunity cost of labor (≠market wages)
	Converting market wages to shadow wages:	 

Social discount rate: indicates social view how future costs and benefits should be weighed and is usually lower than private discount rate
Social Rate of Return on private Investments (SRRI): Assumes any public investment displaces private investment and thus return on public investment should be as high as on private investment.  Social and private rates are equal
Social Rate of Time Preference (SRTP): Equal to rate at which society is willing to postpone unit of current consumption in exchange for more future consumption
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	r – social discount rate
 - pure time preference (usually 1-3%)
 - elasticity of marginal utility of consumption
g – expected growth rate of per capita consumption
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The value of the world’s ecosystem services and natural capital – Reading
Ecosystem often given too little weight in policy decisions
CBA to evaluate the value of the ecosystem
The estimate represents a minimum value
Ecosystem services and functions comprise (climate regulation, water supply, refuge, food production etc)
Valuation based on WTP
Source of errors: Analysis leaves out many categories of services, ill-information of people when asking for their WTP, majority of services and function outside the market, etc.
Evaluation to 33*10^12 USD per year.
Normative argument, ecosystem should be weighted better in Policy decisions

Week 10: Scenario analysis Theory

	Aims of scenario analysis:
· Examine fundamental uncertainties in future and their implications
· Reduce overconfidence and expand thinking of what uncertainties could be
· Facilitate policy assessment, decision making, learning. Awareness raising, information synthesis, stakeholder and public engagement
Be aware: forecast can be completely different in the next few years!!
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Scenario development process:
· Desk research: outcome: scenarios as outcome
· Participatory scenario development: outcome: Scenarios as products and processes
· Hybrid: outcome: Scenarios as products and processes

Cross Impact Balance Analysis
Method to analyze impact networks. It gives insights into relations between factors of impact network in order to construct consistent images of network behavior
Select most internally consistent Scenario and a maximally diverse scenario set for comparison!
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Week 11: Communication 

It is the job of communicators to make sure that their message is salient, credible and legitimate

Message should be: Simple, unexpected, concrete, credible, emotional, stories, (SUCCESS) and memorable

CRED/ Sabine Marx Model
1. Know your audience: their mental models and preexisting beliefs. People absorb information better when it confirms their world view.
2. Get your audience’ attention: frame the problem in a manner that fits their unmet goals.
3. Translate scientific data into concrete experience
4. Beware the overuse of emotional appeals
5. Address scientific and climate uncertainties
6. Tap into social identities and affiliations
7. Encourage group participation
8. Make behavior change easier

Most interesting and important messages are always ones that are about relationships: how things do or don’t fit together

The multiple dimensions of uncertainty and risk – Dynamic discount rates, real options, portfolio theory

Factors influencing uncertainty and risk:
	· Counterparty
· Geography
· Jurisdictions
· Time
	· Technology
· Industry
· Etc.


Variable discount rate: Cost of capital = risk-free rate + risk premium
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How determine change in risk premium?
· Calculation using change in expected financing cost with changing risk environment (Monte Carlo)
· 
· Rule of thumb: Using values from literature

NOTE: Changing cost of capital cannot be used in all indicators! (NPV, LCOE, PI: Yes       IRR: No)

Types of Options:
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	Example for Option for follow-on investment: Don’t build storage tank today but leave it to the future for CSP power plant




Option to wait: Valuation of possibility to take investment possibility later and learn more in the mean time (equivalent of call option)
Option for follow-on investment: Valuation of a present investment which may entail another investment opportunity (equivalent of call option)
Option to abandon:  Valuation of possibility to abandon a project if it is not as profitable as desired (equivalent to put option)

Additional real option types: Output mix option, input mix option, option to contract, etc.

Portfolio risk: Risk is defined as variance or standard deviation of returns in finance world and often assessed using historic data.

Investors rarely invest in single assets but in portfolio of assets to reduce risks.
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	· Investment diversification addresses risk peculiar to one specific asset
 Unique risks

· Risks affecting all assets in similar manner are not addressed by diversification but by investing in different markets
 Market risk
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Correlation: Measure of the dependence of the returns of two assets on each other
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Efficient portfolio: Portfolio with maxim return at a given risk
 are computed using returns and standard deviations of as well as the correlations between individual assets

Policy relevance:
Options:
· Considerations of the German government on introducing capacity mechanism led to land acquirements in Southern Germany (option for follow- on investment)
· CCS readiness: new coal power plants buy additional land to have space for CCS in order to react to stricter for carbon regulation (e.g., carbon price)
· Tendering scheme in Thailand led to land price speculation (option to wait) due to lack of penalty when not using concession
· German reverse auction for feed-in premium for off-shore wind


Portfolio theory:
· Allowance of third-party ownership in the U.S. led to aggregation of rooftop solar PV assets (e.g., SolarCity public bonds with 2-4% coupon and 1-7 year maturity)
· Combination of applications in single storage assets increases their economic attractiveness (see Lecture: Technology & Policy of Electric Energy Storage)
· Aggregation of off-grid rural electrification projects reduces risks and increase investment volumes increasing the attractiveness for private investors

Week 12: Computable General Equilibrium Model (CGE)

Change in Demand or Production of a good changes equilibrium (can be computed with Computable Partial Equilibrium (CPE)) but has effect on other goods  CGE needed!

For CGE model we need to understand the inter-dependencies between sectors on supply side and tradeoffs consumer will make to allocate their demand across sectors
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Social Accounting Matrix (SAM): balance sheet for whole economy, requires a huge amount of data
· Many industry sectors (textile, energy, agriculture, banking,...)
· Many endowments (labour, capital, raw material)
· Demands on the economy (consumption, savings, investments, exports)
· In column: where each sector spends its money
· In line: where each sector makes money
You can’t actually do anything with it other than to understand where all the money and stuff is going but can be input data for economic models and analyses  example CGE

What CGE can tell us
· Changes in GDP
· Changes in Productivity of Labor and Capital
· Input, Output and Relative Prices
· All of that at a hypothetical moment in time where the economy is at equilibrium (No Growth)

Multiple periods:
· Intertemporal optimisation:
Perfect foresight + discount future values
· Myopic optimisation:
Run for one period, then adjust input values for next
Multiple regions:
· Expand matrices with data for each region
· Include shipping and transboundary transaction costs

Problems:
· The hypothetical moment in time is pure fantasy
· Any significant policy will have endogenous effects on technology
· We have no way of knowing if the answers from CGE models have ever been right
· Even if it might be right, we simply have no idea about the reasons why
· It is simply too tempting to try to predict the future, Especially when it might tell you something you want to hear
· Too complex to understand

Can be very useful for short term predictions

Path dependency, technological lock-in and policy implications

Positive feedback effects result in increasing returns with increasing deployment of a technology  
A (random) set of historical events hence determine the final outcome of technology allocation  Potential technological lock-in

Lock-in: persistent state where sector/ economy is trapped into specific technology/-ies. Alternative technologies are locked-out, meaning they have little chance to increase market shares without major market shifts
+ Lock-in can lead to (short-term) efficiency
– Low learning rates can potentially result in long-term inefficiency
– Lacking competition (between technologies) can hinder innovation
– Systems with low diversity are less resilient to (external) shocks 

4 Factors that can lead to technological lock-in
1. Large fixed costs
a. High switching/replacement costs (think: infrastructure systems)
b. Improving operations of existing assets helps recover total costs 
2. Network effects
a. The more people use the technology, the better for you (WhatsApp, Facebook)
3. Technological learning
a. Learning by doing and using
4. Shared expectations
a. Using technologies shapes our norms, cognition, abilities
[image: ] [image: ]
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Deployment policy can be neutral/ specific on a hierarchy level
[image: ]

Considering path-dependency in models
Case: Two firms with substitutable technology, market share after some time depends on the returns to scale of the technology.
· Decreasing returns to scale lead to equilibrium (both firms 50%)
· Constant returns to scale lead to anything (any combination possible)
· Increasing returns to scale lead to lock ins (one firm 100% other 0%)


Bardach: Things Governments do:
	· Taxes
· Regulation
· Subsidies and Grants
· Structure of private Rights
· Education and Consultation
· Bureaucratic and political reforms
	· Service provision
· Agency budgets
· Information
· Framework of Economic activity
· Financing and contracting
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Cash-flow: real
• The real cash flow is the nominal cash flow corrected for the time 



value of money using the (private) discount rate (i.e. cost of capital)
• The following formula is used to convert the nominal to the real cash 
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Weighted Average Capital Cost (WACC)



• The Weighted Average Capital Costs (WACC) combine the capital 
structure and the cost of debt and cost of equity in one number
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T = expected lifetime of investment



Net Present Value NPV (Kapitalwert)
• Is the sum of the discounted cash-flow over life time minus upfront investments
• A project’s net contribution to wealth (beyond cost of capital)
• Expresses the expected money to be earned by the investment at today’s value
• When NPV=0, all costs  (including cost of capital) are covered; this corresponds 



to the profitability threshold (see LCOE in exercise)



Source: EPG/ETH Zurich, UNDP, Wöhe 2002, Brealey & Myers 2000
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What are trade-offs between the indicators?



Payback Period
+ Very simple to calculate
+ No discount rate needed
- No integration of time-value of 



money (real vs. nominal values)
 Not to be used as sole indicator!



In practice still sometimes used by 
managers, e.g., in SMEs 



IRR
+ No discount rate needed for 



calculation
+ Consideration of opportunity cost
- Problematic if DR is dynamic
- Problematic if lifetime of 



alternatives different
- Problematic when calculating 



attractiveness of portfolios
- Problematic in case of multiple 



negative cash flows
 Better not to use, only with extra 



caution!



15



Sources: Kelleher et al. 2004, Brealey & Myers 2000, EPG/ETH Zurich
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NPV
+ Consideration of opportunity 



cost
+ Possible to use dynamic 



discount rates
+ Well suited to examine 



attractiveness of portfolios
- Discount rate needed
- Problematic when deciding 



between mutually exclusive 
projects of different size



 Best measure to compare 
projects of the same size 



PI (Profitability Index, 
Kapitalwertrate)



 Used when comparing projects of 
different size



Rules for investor:
 If PI > 0 => profitable
 Choose alternative with highest PI



17



Sources: Kelleher et al. 2004, Brealey & Myers 2000, EPG/ETH Zurich



0investment
NPVPI=



What are trade-offs between the indicators?
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• In order to calculate the cost-effectiveness of different options, one needs 
to consider all costs and savings over the entire lifetime of each option.



 Life-cycle costs (LCC)



• Note: costs can also be negative (representing savings)



( ) 
= +



+=
T



t
t



t



r
cCLCC



1
0 1



C0 = upfront cost (investments)
C = running net cost
r = discount rate
t = year 
T = expected lifetime



Life-cycle cost



C
os



t Time



B
en



ef
its



Year 0 Year 1 Year 2 Year 3 Year 4 Year 5



Cost (nominal)
Cost (real)



Source: EPG/ETH Zurich
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CAPEX: Investment costs [EUR] Degrade: Degradation factor [%]



OPEX: Operation & maintenance costs [EUR] r: Discount rate [%] (WACC)



kWhinitial,net: Initial electricity production [kWh] T: Lifetime of investment [years]



LCOE =
�𝑡𝑡 = 0



𝑇𝑇 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶 / (1 + 𝑟𝑟)t)



�𝑡𝑡= 0
𝑇𝑇 (𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑛𝑛𝑡𝑡 ∗ (1− 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷)𝑡𝑡 / (1 + 𝑟𝑟)t)



SOURCES: EPG/ETH Zurich, MIT



LCC Example: Levelized Cost of Electricity (LCOE)



20



LCOE is the (discounted) life-cycle cost normalized by the discounted expected power 
output over the lifetime of the project



Definition: “The levelized cost of electricity is the constant electricity price [$/kWh] that 
would be required over the life of the plant to cover all operating expenses, payment of 
debt and accrued interest on initial project expenses, and the payment of an acceptable 
return to investors” (MIT, “The future of coal”, 2007)
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Life-cycle costs analysis [$] Environmental impact analysis [tCO2]



Costs  of
baseline



Costs of 
different 



policy/project 
options



Impact  of 
baseline



Impact of
different 



policy/project 
options



Incremental 
costs of 



options [$]



Incremental 
impact of 



options [tCO2]



Abatement/relative costs of options
[$/ tCO2mitigated]



The basic steps and outcomes of a CEA



Costs of 
different 



policy/project 
options



Costs  of
baseline



Incremental 
costs of 



options [$]



Source: EPG/ETH Zurich
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The concept of abatement/relative costs



• Relative/abatement costs  indicate how much a policy/project costs per unit of 
environmental impact reduction provided



• One divides  the incremental of a policy/project by its environmental impact



• Example: CO2 emission abatement cost in USD/ton CO2e
• If different options are needed to achieve a certain target, one can order the 



options along their abatement costs and show their abatement potential
 The result is a Marginal abatement cost (MAC) curve



policybaseline



baselinepolicy



EIEI
LCCLCC



incrEI
incrCAC



-
-



== C = cost
EI = environmental impact
LCC = life-cycle cost



Source: EPG/ETH Zurich
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Sensitivity analysis



• Incorporating uncertainty and future assumptions not an easy task
• Uncertainty often hard to estimate
 CEA should contain sensitivity analysis, to identify the most relevant 



factors influencing the cost effectiveness.



Tornado graph



Input factor 3 variation



Input factor 1 variation



Input factor 2 variation



Tornado graphs 
order input factors 
along their 
sensitivity



Abatement cost 
reduction



Abatement cost 
increase



Source: EPG/ETH Zurich
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Uncertainty in a Rumsfeldian frame
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Hedging risks with call options



21



Price (e.g. in EUR/tcoal)



Spot market price of fuel 
(volatile)



Fuel price stipulated in 
options (fixed)



Run time of options
Buy at spot market
Make use of options



t 
Price of options for 
f years in t0



Tft0



Sources: Brealey, R.A., Myers, S.C., 2000. Principles of corporate finance, 6th ed. McGraw-Hill, Boston, EPG/SusTec (ETH Zurich)
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Sum of error of variables ≄ sum of variables 
● Complicated for non-normal distributed 
● Complicated for co-variant errors 
● Standard error for independent normally distributed 



variables adds similar to Pythagorean equation 



If         A   +  B   = C 
then   σA   + σB   = σC      (if variables are fully covariant) 
then   σA2 + σB2 = σC2    (if variables are fully independent) 



6



Error propagation



Data quality | 20/10/2017
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Evaluating indirect/external costs and benefits



Total economic value



Revealed preferences



(existing markets)



Revealed preferences



(surrogate markets)



Stated preferences



(hypothetical markets)



Use value Non-use value



Market 



price
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Travel 
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Choice



models



Figure adapted from: Pearce D. W., Atkinson G., Mourato S. 2006. Cost-benefit analysis and environment: Recent developments. OECD: Paris. 



Cost of illness 



Loss of output 



• Value of a national park could be 
monetized based on the entrance 
fee and a number of visitors
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Evaluating social discount rate



u Social Rate of Return on private Investments (SRRI): It 
assumes that any public investment displaces private investment 
and thus return on public investment should be as high as on 
private investment. That is, social and private rates are equal.



u Social Rate of Time Preference (SRTP): It is equal to the rate at 
which society is willing to postpone a unit of current consumption 
in exchange for more future consumption.



- social discount rate; 
- pure time preference due to impatience, myopia, and risk of death or  
human extinction; usually 1-3%; 



- elasticity of the marginal utility of consumption;     
- expected growth rate of per capita consumption.



Present consumption
is preferred



Society will become richer and 
value these costs/benefits less
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Cost Effectiveness Analysis Cost-Benefit Analysis
Private perspective, e.g. investor Social perspective, i.e. society as a whole



Direct costs in market prices Costs to society as a whole:
• Direct costs
• Indirect and external costs, i.e. in 



secondary markets or of non-market 
impacts



Direct revenues in market prices Benefits to society as a whole:
• Direct benefits
• Indirect and external benefits, i.e. in 



secondary markets or of non-market 
impacts



Market prices and observed wages Shadow prices and shadow wages



Private discount rate Social discount rate



• Financial NPV
• Financial payback period
• Financial IRR



• Economic NPV that is equal to B-C
• Ratios like B/C or (B-C)/C
• Economic IRR
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Implications of erroneous forecasts
Due to forecasted rise in gasoline consumption, US Renewable Fuel 
Standard 2007 mandated 9 bn gallons of biofuels



Source: IRGC, 2015. Assessment of future energy demand. A methodological review providing guidance to developers and users of energy models and 
scenarios. IRGC: Lausanne



Fuel consumption flattened, leading to overbuilt capacity of biofuel refineries
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Types of scenarios



Adapted from: Börjeson et al. Futures, 38 (2006), pp. 723–739



Predictive scenarios 
(forecasting)



“What will happen?”



Explorative scenarios



“What can happen?”



Normative scenarios
(backcasting)



“How can a target be 
reached?”



Forecasts
“What will happen in the 



most likely case?”



External scenarios
“What can happen to the
development of external 



factors (context)?”



Preserving scenarios
“How can a target be 



reached by adjustments in 
the current situation?”



What-if scenarios
“What will happen if we 
act in a specific way?”



Strategic scenarios
“What can happen if we 
act in a specific way?”



Transforming scenarios
“How can a target be 



reached by significantly 
transforming the current 



situation?”



Hybrid scenarios that combine several such elements are also common.
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A (small) selection of scenario techniques



Storylines



Scenario axes



Story-And-
Simulation (SAS)



Cross Impact Balance Maximally-diverse 
scenario sets



Model-based 
scenarios
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Source: Trutnevyte, E. (2013) Applied Energy



Selecting a maximally-diverse scenario set
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Variable discount rate
Cost of capital = Risk-free rate + Risk premium



Expected changes in the investment environment over time can be taken into 
account by variations of the cost of capital
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Types of options
Option
Right, but not the obligation, to take an
action at a given cost (strike price) for a
predefined period (American option) or at a
predefined date (European option)



Financial option
Financial derivative representing
a contract between the option
writer (seller) and the option
buyer (holder)



Real option
Investment valuation method
taking into account the flexibility
or choice offered by a business
investment opportunity



Put option
(Right to sell)



Call option
(Right to buy)



Option to wait Option for 
follow-on 



investment



Option to 
abandon



Sources: EPG/ETH Zurich, Brealey and Myers (2000). Principles of Corporate Finance. New York, NY: McGraw-Hill
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Portfolio risk
• Investment diversification addresses risks peculiar to one 



specific asset



• Risks affecting all assets in a similar manner are not addressed 
by diversification but by investing in different markets
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Source: EPG/ETH Zürich; adapted from Brealey and Myers (2000). Principles of Corporate Finance. New York, NY: McGraw-Hill.
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Portfolio risk
How to calculate risk-return for a portfolio?



Source: EPG/ETH Zürich; Markowitz, Harry (1952). Portfolio Selection. The Journal of Finance 7(1):77-91.



In 1952, Nobel laureate Harry Markowitz proposed a way 
of portfolio risk and return assessment.



H. Markowitz



Portfolio return



Portfolio variance
(risk)



xi = investment 
share of asset i
ri = individual 
return of asset i



For i = j:



For i ≠ j:



σii = variance of asset i
σi = standard deviation of asset i
σij = covariance between assets i and j
ρij = correlation between assets i and j
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i

= standard deviation of asset i
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Portfolio risk
Correlation
Measure of the dependence of the returns of two assets on each other



-1
Perfect negative 
correlation:
Return of asset A 
increases by x%, return 
of asset B consequently 
decreases by x%



+1
Perfect positive 



correlation:
Return of asset A 



increases by x%, return 
of asset B consequently 



increases by x%



0
No correlation:



Returns of asset A and 
B move independently



The correlation coefficient takes values between -1 and +1:



Negative correlation Positive correlation



Source: EPG/ETH Zürich
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Construct Social 
Accounting Matrix 
(SAM)



Gather data on 
production functions



Gather data on 
consumer preferences



Specify a set of 
production functions 



and a single consumer 
utility function, where 



maximising utility 
minimises the deviation 



from the SAM



Alter one or more 
of the production 
functions, and re-
maximize utility



Gather tons of data Fit the data to theory Evaluate policies
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maximising utility 

minimises the deviation 

from the SAM

Alter one or more 

of the production 

functions, and re-

maximize utility

Gather tons of data Fit the data to theory Evaluate policies
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Cumulative production (e.g., kW)



R&D support => Exploration



Technological learning



⇒ Complex technologies 
“learn” from diffusion 
(learning by doing and 
using)



⇒ Deployment policy 
instruments are innovation 
instruments (to some extent)



‘Learning curve’ for the case of electricity generation technology
Specific
costs
(e.g., USD/kW)



8



Source:TS Schmidt (EPG, ETH Zurich)
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Example of 2 technologies and lock-in



Specific 
cost



Deployment 
(installed capacity)



Technology B



Technology A



Potential short-term efficiency



Potential long-term 
inefficiency



• Assuming technological 
substitutes, costs are key 
adoption criterion



• Cost differences at early stage 
can determine technology 
selection by users



10



Source:TS Schmidt, B Battke, D Grosspietsch, VH Hoffmann, (2016) Research Policy: https://doi.org/10.1016/j.respol.2016.07.001
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The non-linearity of technological change



Invention Innovation/
First commercialization Diffusion



The non-linear model: feedback from different stages and types of knowledge generation/learning



“Learning 
by doing”



“Learning by 
searching”



“Learning by using”



Learning from knowledge “spillovers”
(e.g. from other technologies)
=> the diffusion of other technologies might be important!



Source: EPG (ETH Zürich)



• Knowledge is cumulative and requires capabilities to use it
• Learning by doing and using can hardly be simulated in the lab (need for diffusion)



9



Source:TS Schmidt (EPG, ETH Zurich)
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Deployment policy can be neutral/specific on a 
hierarchy level



Technology-
specificity



Economy



Sector
(e.g., power sector)



Technological field
(e.g., renewable energy, energy storage)



Technology
(e.g., PV, batteries)



Sub-technology
(e.g., c-Si PV, lithium-ion)



Technological design



� Carbon tax
� Cap & Trade policies



� Sectoral Emissions Trading
� Sectoral Standards



� Renewable Portfolio Standards 
(RPS)



� RPS w/ technology differentiators 
� Feed-in tariffs



� Feed-in tariffs for different sub-
technologies



Hierarchy levels Examples of deployment policies



1 Wiser, R., Barbose, G., Holt, E., 2010. Supporting Solar Power in Renewables Portfolio Standards: Experience from the United States. Ernest Orlando 
Lawrence Berkeley National Laboratory, Berkely CA. 
2 Arbeitsgruppe Erneuerbare Energien-Statistik, Zeitreihen zur Entwicklung der erneuerbaren Energien in Deutschland, Dec 2013., Stuttgart/Germany



US (1998-2009)1: 
94% Wind



DE (1998-2009)2: 
58% Wind
26% PV
13% Bio Energy



1616
Source:TS Schmidt, B Battke, D Grosspietsch, VH Hoffmann, (2016) Research Policy: https://doi.org/10.1016/j.respol.2016.07.001





https://doi.org/10.1016/j.respol.2016.07.001








image1.png
You can make money
solving the problem

Here we
Private might
disagree
There is no real
consensus on the
need to solve it
Non-profit Public

Solving the problem
is an act of giving

There is broad
consensus on the
need to solve it




image2.emf



QPAM 



Problem Definition - Tonycorn

• What is public policy?




• It is a strategy or course of action that 
governments take




• Policy Analysis 
• Identify appropriate policy for tackling the 



identified policy problem

• Find appropriate Policy Instruments

• Appraising effects of Instruments




• Defining the Problem

• Don’t mix problems with consequences of other 



problems

• When should government solve problems?




• Market failures and inefficiencies (Public goods, 
externalities, information asymmetries, 
monopolies)




• Inequalities (economic, discrimination)

• Things we expect governments to do and lack other institutions (Schools, Post,..)




• When you can’t solve a problem

• Narrow it down

• Expand it

• Which one to use depends if the problems are political are technical




System Dynamics - Olaf replacing Tonycorn

• System Dynamics is an approach 



to understanding nonlinear 
behavior of complex systems over 
time by using stock flows, 
feedback loops and diagrams.




Investment Appraisal and CEA - Hypertobias

Important Concepts 
• Cash-flow (CF) 



• Sum of expenses and revenues over a period of 
time (project’s lifetime)




• Nominal CF: non discounted

• Real CF: discounted with private discount rate r




• Discount Rate (r) 
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QPAM Problem Definition - Tonycorn
•What is public policy?
•It is a strategy or course of action that governments take
•Policy Analysis •Identify appropriate policy for tackling the identiﬁed policy problem
•Find appropriate Policy Instruments
•Appraising effects of Instruments
•Deﬁning the Problem
•Don’t mix problems with consequences of other problems
•When should government solve problems?
•Market failures and inefficiencies (Public goods, externalities, information asymmetries, monopolies)
•Inequalities (economic, discrimination)
•Things we expect governments to do and lack other institutions (Schools, Post,..)
•When you can’t solve a problem
•Narrow it down
•Expand it
•Which one to use depends if the problems are political are technical
System Dynamics - Olaf replacing T onycorn
•

System Dynamics is an approach 

to understanding nonlinear 

behavior of complex systems over 

time by using stock ﬂows, 

feedback loops and diagrams.


Investment Appraisal and CEA - Hypertobias 


Important Concepts 

•

Cash-ﬂow (CF) 

•

Sum of expenses and revenues over a period of 

time (project’s lifetime)


•

Nominal CF: non discounted


•

Real CF: discounted with private discount rate r


•

Discount Rate (r) 
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Cash-flow: nominal



C
os



t Time



R
ev



en
ue



s



• Cash-flow is the sum of expenses and revenues over a period of time 
(e.g., a project’s lifetime)



• Investors need to maintain liquidity => cash-flow matters
• Important: nominal cash-flow does not consider the discount rate



Year 0 Year 1 Year 2 Year 3 Year 4 Year 5



Investment costs (upfront)
Revenues
Operating costs (fuel, maintenance ,etc)
Cash-flow



4
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