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This week

First lecture
• Of markets, economics, and efficiency
Second lecture
• Electricity markets
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Benchmark: Perfect competition

The first fundamental theorem of welfare economics:
THEOREM
A competitive equilibrium allocation is Pareto efficient*.

Or, in other words, perfect competition maximizes social efficiency.
But what does that mean?

*) It impossible to reallocate goods so that no one can be made better off without making someone else worse off.
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Example: Perfect competition in a market for a single good

Figure 1: Demand and supply bids.

Source: CORE.
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In-class exercise: Market allocation
Take note of two things:
1. Do you want to buy or sell
- You are a buyer, if you are not an Aalto econ major
- You are a seller, if you are an Aalto econ major

2. Your private value for the item, i.e. the maximum price you
are willing to pay or the minimum price you are willing to sell
the item
- Take the alphabet ordinal number of the first letter of your
first name (A = 1, B = 2, . . . ), use a proxy if needed.

As an example, Iivo gets you B and 9 from the first two points.
And now let’s organize a market.
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Example: Market with uniform auction
Demand
• Assume that we have a group of individuals interested in
buying a good. Label these individuals with i = 1, 2, . . . , ni .
• Each of the buyers can submit a one bid to buy the good.
• A bid consists of the maximum price buyer i is willing to pay,
pi , and the maximum quantity she is willing to purchase, qi .
Supply
• Similarly, take a group of sellers, j = 1, 2, . . . , nj .
• A sales bid consists of the minimum price seller j must get to
sell the good, pj , and the maximum quantity she is willing to
sell, qj .
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Example: Market with uniform auction

Figure 2: Demand and supply bids.
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Example: Market with uniform auction

Figure 3: Demand and supply bids arranged by price.
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Example: Market with uniform auction

Figure 4: Demand and supply curves.
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Example: Market place with uniform auction
Solving the market equilibrium
Given demand bids (pi , qi )i ∈D and supply bids (pj , qj )j ∈S for a
single time period t, we solve:
max ∑ pi di − ∑ pj sj
di ,sj

s.t.

i

j

dt = ∑ di ,

0 ≤ di ≤ qi , ∀i,

st = ∑ sj ,

0 ≤ sj ≤ qj , ∀j,

i

j

dt − st =0.
The shadow price of the balance constraint dt − st = 0 at the
maximum give the equilibrium price P ∗ and quantity Q ∗ .
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Example: Market with uniform auction

Figure 5: Balancing the market.
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Example: Market place with uniform auction
Alternative interpretation
If market price is P ∗ , we can reformulate
max ∑ pi di − ∑ pj sj
di ,sj

i

j

⇔ max ∑ pi di − P ∗ dt + P ∗ st − ∑ pj sj
di ,sj

i

j

⇔ max ∑ pi di − ∑ P di + ∑ P sj − ∑ pj sj
di ,sj

∗

i

∗

i

i

j

⇔ max ∑(pi − P )di + ∑(P − pj )sj
di ,sj

∗

i

∗

j

But this is equivalent to the surplus maximization! The market
outcome is efficient in this precise sense.
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Example: Perfect competition in a market for a single good

Figure 6: Demand and supply bids.

Source: CORE.
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Illustration: demand and supply curves in practice
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Figure 7: Demand and supply bid curves for noon 3 Apr 2017.

• We will continue with the electricity markets in the next
lecture
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Why markets

• Electricity markets are an experiment based on free market
ideology in the 1970s:
– Competing private firms more efficient than public utilities

• Markets set up for the generation and use of electricity
• Transmission and distribution networks remain regulated
• Additional responsibilities for system operators to ensure that
the lights stay on

See Wilson (2002) and Cramton (2017).
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Market model has taken over globally

• Electricity markets opened in several regions since the 1980s:
starting from Norway, U.K., U.S., and South America.
• Market institutions being set up in localities across the globe:
– European Union has adopted a target of a single internal
market for electricity following the Nordic model.
– Increasingly taken in to use in the developing world from
Turkey to India to Philippines.

→ To understand the preconditions for a global energy transition,
a need to understand markets.
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“

A well-functioning and competitive power
market produces electricity at the lowest possible price for every hour of the day. . .
The price formation process is therefore economically effective for society.

”

Quote: Nord Pool webpages.
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Reminder: Perfect competition in a market for a single good

Figure 8: Demand and supply bids.

Source: CORE.
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Reminder: Market place with uniform auction
Solving the market equilibrium
Given demand bids (pi , qi )i ∈D and supply bids (pj , qj )j ∈S for a
single time period t, we solve:
max ∑ pi di − ∑ pj sj
di ,sj

s.t.

i

j

dt = ∑ di ,

0 ≤ di ≤ qi , ∀i,

st = ∑ sj ,

0 ≤ sj ≤ qj , ∀j,

i

j

dt − st =0.
The shadow price of the balance constraint dt − st = 0 at the
maximum give the equilibrium price P ∗ and quantity Q ∗ .
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Example: Demand

bid.id

date.time

type

P

Q

1
2
3
...
79
80
81
...
165
166
167

2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00
...
2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00
...
2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00

D
D
D
...
D
D
D
...
D
D
D

0.011
0.029
0.042
...
25
25.010
25.145
...
120.900
123.203
126.257

144.215
79.928
63.523
...
0.035
0.464
0.881
...
30
25.400
45

Table 1: Demand bids in the Nordic electricity market.
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Example: Supply

bid.id

date.time

type

P

Q

1
2
3
...
116
117
118
...
583
584
585

2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00
...
2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00
...
2015-01-15 11:00:00
2015-01-15 11:00:00
2015-01-15 11:00:00

S
S
S
...
S
S
S
...
S
S
S

0.011
0.029
0.042
...
20.007
20.100
20.200
...
100.100
108
110

146.371
272.917
205.597
...
4.999
64.486
32.611
...
5.107
0.569
4.689

Table 2: Supply bids in the Nordic electricity market.
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Example: The Nordic market
Nord Pool: Fri 27 Apr 2018, hour 12

Price EUR/MWh
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0
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Quantity, GW

• Demand is inelastic ⇒ less to talk about

• Supply has more action & is the source of pollutants
⇒ we’ll have a closer look
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Role of technologies: Baseload

Total cost=FIXED+variable costs
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Role of technologies: Peakload

Total cost=fixed+VARIABLE costs
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Total costs by plant type

The two straight lines show the total cost per MW for peak and baseload
plants.

Source: Green, 2005.
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Equlibrium capacities adopt to the Load duration curve

This curve ranks the hours of the year in the order of demand. There are
T hours with demand at least B measured in GW
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Duration curves in the real world – Example from Finland
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Source: Finnish Energy.
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Industry marginal cost curve and demand

D is the highest hour demand in GW. At price PR , demand is K . Since
PR − CP > 0, the peak units run surplus, and this is needed to cover
their fixed costs. PR − CB > 0 is even bigger but so is fixed cost
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Price duration curve

This curve ranks the hours of the year in the order of hourly prices.
There are T hours with prices at least CB
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How is the supply curve constructed in real electricity markets?
Consider the following illustration:
pj
0
10
20
25
0
20
50

Supplier 1

Supplier 2

qj
1
1
1
1
1
1
1

Demand

pi
3000

qi
4.5

Price, EUR/MWh

60
50

type

40
30

D

20

S

10
0
0

2

4

6

8

Quantity, MW
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What does the illustration tell about electricity markets?

1. There is an auction design for clearing the market
• Uniform price auction

2. Demand is inelastic
• Consumers are not active in the market
• Demand becomes before the supply

3. Small number of producers
• Firms can raise their profits by withholding capacity. How
exactly?

4. Producers have capacity constraints
• What if D > 7?
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Issues with the ideal model
• Market allocation distorted away from the perfect competition
ideal for various reasons.:
– Policy interventions, e.g. subsidies to renewable power
(Grubb & Newbery, 2018)
– Market power of incumbents (Fabra, 2021)
– Entry frictions, e.g. nuclear licensing
– Non-convexities from physics

• “Missing money” problem (Cramton & Stoft, 2006)
– Assumed that installed capacity will be allowed to fall as far as
it needs to provide suppliers with high prices — regardless of
the impact on reliability

• Incentives of the retail customers (Joskow & Tirole, 2006–7)
– Consumers do not react to real time prices → prices caps and
rationing can be optimal
– All users are connected to the same network
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What could go wrong with the markets?

Many markets work on their own, but electricity is a bit tricky
Figure: Texans shop in a dark supermarket during a blackout in February 2021. AP file.
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Real world considerations

1. Resilience towards shocks
– Preparedness for unexpected physical phenomena
– Misuses of the market structures
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Real world considerations

2. Need to decarbonize
– Intermittent renewables challenge the current power system
– Lower average prices lead to closures of “firm” capacity
– Price signals from current market model not necessarily
sufficient to coordinate capacity transition
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Illustration: demand and supply curves in the real world
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Figure 9: Demand and supply bid curves for noon 3 Apr 2017.

A global energy transition can be more efficient with the right
market mechanisms that take into account the particularities of the
market primitives – supply and demand
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Illustration: bid curves in Nord Pool
Table 3: Annual supply by technology in the Nordic region

DEN
FIN
NOR
SWE
Total

HYDRO

NUCLEAR

THERMAL

WIND

0
13.6
129.4
66.1
209.1

0
22.1
0
62.6
84.7

26.1
41.2
-4
8.9
72.2

8.7
0.9
1.2
5.8
16.6

Notes: TWh/year, average value in 2001–2017. Thermal includes
generation from condensing power plants and net trade to neighboring
regions (here including net trade between countries within the region).
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Illustration: bid curves in Nord Pool

Figure 10: Demand and supply bids.
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Illustration: bid curves in Nord Pool

Figure 11: Demand and supply bids.
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Nord Pool: Fri 29 Jan 2016, hour 17
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Recap: Market institution serves two key functions

1. Allocate goods in the short-term
2. Market prices signal the value of the goods
– Incentives to invest
– Incentives to develop new technologies

40

Agenda

This week
• Of markets, economics, and efficiency
• Electricity markets
Next week
• Things that markets do not consider: externalities
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Spring 2022

Agenda

Last week
• Of markets, economics, and efficiency
• Electricity markets
This week
• Things that markets do not consider: externalities
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Progress

• Electricity market game
• Reading assignment
• Case study selection
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Introduction: what is an externality?

Figures: Kemijoki Oy, Lapin Kansa, WWF.
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Efficient institutions

Everything belongs to someone, and there is free trade. Then, the
market outcome is efficient. This is the first fundamental welfare
theorem in economics. If these pre-conditions are met, we can
trust on the market outcome. In efficient markets:
1. All transactions are voluntary.
2. Individual’s self-interested decisions are good for the group as
a whole.
3. The group and individual benefits are aligned since market
prices transmit all the costs and benefits of voluntary actions.
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Introduction: what is an externality?

Not all trade is voluntary
1. My actions result in a cost or benefit borne by others.
2. Externality can be negative (e.g. pollution, noise, congestion)
or positive (social and communication networks, R&D,
knowledge).
3. Market prices do not reflect this externality.
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Reminder: Perfect competition in a market for a single good

Figure 12: Demand and supply bids.

Source: CORE.
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Pigou vs. Coase

Example: No externalitiy

Reminder
In perfect competition, the market equilibrium (P ∗ , Q ∗ ) can be
obtained by maximizing the sum of consumer and producer surplus
max ∑(pi − P ∗ )di + ∑(P ∗ − pj )sj
di ,sj

i

j

⇔ max ∑ pi di − ∑ pj sj
di ,sj

i

j

with a constraint on supply meeting demand.
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Example: Social cost
Solving the market equilibrium
As before, but assume now that each transaction causes a social
cost t > 0, borne by third-parties.
Adding a social cost t to the supply side (or equivalently to the
demand side) results in:
max ∑ pi di − ∑ pj sj − t ∑ sj
di ,sj

i

j

j

⇔ max ∑ pi di − ∑(pj + t )sj
di ,sj

i

j

All supply has become more expensive → in a new equilibrium
(P 0 , Q 0 ) we have P 0 ≥ P ∗ and Q 0 ≤ Q ∗ .
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One solution to the externality problem

Pigouvian solution (after A.C. Pigou)
• The cost imposed to others by your action should be
transferred back to you.
• Polluters pay for the external social cost of their production,
airliners pay for the cost of noise, motorist is sued for the
damage done in accident, etc.
• This is the idea of the Pigouvian tax (see Figure)
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Pigouvian solution

Figure 13: Negative externality: distortion in quantities.
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There are actually TWO solutions to the externality problem

Pigouvian solution (after A.C. Pigou)
• The one we have seen.
Coasian solution: The Problem of Social Cost 1960, Journal of
Law and Economics
• Coase did not agree with Pigou: (1) externalities need not
lead to inefficiency; (2) Pigouvian taxes do not always lead to
efficient solution; (3) the problem lies in the transaction costs,
not in externalities
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Coasian solution
Externalities need not lead to inefficiency, and taxes may not be
efficient:
• A factory produces 200 000 e damage/year. It would take 100
000 e/year to eliminate the damage. The victim can move
away from the damage area with cost 50 000 e/year. Does it
make sense to impose a tax internalizing the damages?
• If there is no tax, the solution is efficient: it is better that the
victim moves from the society’s point of view
• If we impose the tax, the outcome is more costly
• Generally, the tax makes sense if the party paying the tax
happens to be the one who solves the problem at the lowest
cost. This hard to know sometimes.
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Coasian solution

Coase: define property rights (one way or another), the market will
take care of the rest
• Suppose the victim has the right to live without damage: the
factory can pay the victim something between 50 000 e and
100 000 e, and all are better off
• If the factory has the right, it can continue polluting. If the
cost of abatement is lower than 50 000 e, the victim can pay
the factory not to pollute
The problem is not in the externalities but in transaction costs; the
markets may have difficulties in achieving the reallocation of rights.
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Coasian solution: transaction costs

Hold-up problem: suppose there are 100 victims, each suffering
2000 damage. Victims hold the rights.
• If abatement is less costly than moving away, the firm abates
without transacting with individuals
• If abatement costs more than moving, the polluter should buy
all the rights before being able to operate
• Abatement costs 100 000 and moving 50 000 (500 per head).
Suppose the firm tendered 99 rights with overall cost 60 000.
The last victim has huge bargaining power; s/he can hold up
the firm, and ask up to 40 000 for the transfer of the right
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Coasian solution: transaction costs
Free-rider problem: suppose there are 100 victims, each suffering
2000 e damage. Cost of moving 500 e per victim. Abatement
cost is 20 000 e.
• If the factory has the right to pollute, the victims have to get
together to collect 20 000 e in order to pay the polluter to
stop (assume that eliminating pollution costs less than moving
away from the polluted area). If all participate, the cost is 200
e per individual which is less than 500 e (cost of moving)
• If I don’t show up, the rest of the group still finds it profitable
to pay the firm; each must contribute just 2 more to make up
my share
• However, all individuals like this free-rider idea (no costs but
enjoy the gains). The contribution to reduce pollution is a
public good that all victims can enjoy
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Lessons from Coase
Coase helps in seeing why countries fail to solve grand externality
problems such as climate change. More generally: How to design
institutions to minimize the cost of externalities?
Property rules are good when the cost of allocating rights
through market transactions are low.
Liability rules are good when cost of allocating rights through
litigation are low.
• Protecting right to my car: liability rule would be much more
expensive than property rule
• My wireless network: First, exclude the network by password,
and then sell the right to use it (property rule). Second, leave
it open and sue others for misusing if it happens. Courts may
define a fine for misuse. Which one works?
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Externalities and strategic behavior

What is the externality here?

Player Y

Player X

C

D

C

2, 2

D

4, −4

−4, 4
0, 0

• Where is the externality precisely?
• The strategic decisions that lead to the numbers in the cells?
• Can the players negotiate a solution?
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Strategic decisions
Consider two agents (countries), i = 1, 2, choosing pollution levels
z1 , z2 . Country i total benefit
Ui (z1 , z2 ) = zi −

d
2

∑

zk

2

k =1,2

• private gain from pollution is zi
• loss or damage from actions depends on total sum of choices
where d > 0 is a constant
The setting between agents exploiting a common resource (e.g.,
clean air) is a “game“. To analyze such games and the remedies to
the externality problems, it is necessary to be more precise about
the primitives of the strategic interactions.
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Strategic decisions: non-cooperative outcome

Nash-equilibrium: given zj by the other player, the best-response
by i:

∂U1
= 1 − d z1 + z2 = 0 ⇒ z1 = 1/d − z2
∂z1

∂U2
= 1 − d z1 + z2 = 0 ⇒ z2 = 1/d − z1
∂z2
• actions are strategic substitutes: if j uses less, i will use more
• two equations, two unknowns: in Nash equilibrium,
1
1
(z1 , z2 ) = ( 2d
, 2d
) ⇒ (U1 , U2 ) = (0, 0). Corner (D, D ) in
the payoff matrix above!
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Strategic decisions: cooperative outcome
What would be the group-optimal outcome? This would arise if
parties could negotiate efficiently:

maxz1 ,z2 U1 + U2


∂ U1 + U2
= 1 − 2d z1 + z2 = 0
∂z1


∂ U1 + U2
= 1 − 2d z1 + z2 = 0
∂z2
• two equations, two unknowns: in cooperative outcome,
1
1
1
1
(z1 , z2 ) = ( 4d
, 4d
) ⇒ (U1 , U2 ) = ( 8d
, 8d
). Corner (C , C ) in
the payoff matrix above!
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Strategic decisions: the incentive to deviate
1
1
Suppose parties agreed on (z1 , z2 ) = ( 4d
, 4d
) in a “Paris
meeting”, and then go home. What would party 1 do?

1
)⇒
4d
∂U1
1 
3
= 1 − d z1 +
= 0 ⇒ z1 =
∂z1
4d
4d
maxz1 U1 (z1 ,

3
1
1
1
• Deviation: (z1 , z2 ) = ( 4d
, 4d
) ⇒ (U1 , U2 ) = ( 4d
, − 4d
).
Corner (D, C ) in the payoff matrix above!

• We have now identified the payoff externality precisely:
1
1
1
8d − 4d = − 8d . Each agent has an incentive to free-ride at
the expense of others!
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Strategic decisions: full picture
Player Y

Player X

C
D

C

D

1
1
8d , 8d
1
1
4d , − 8d

1
1
, 4d
− 8d

0, 0

• Now, suppose the players are at liberty to propose and accept
contracts. A contract specifies four transfers (positive if X
pays, negative if Y pays), one transfer for each of the four
cells in the matrix. Can you think of a contract that solves
the externality problem? Contract should be such that both
players are better off by signing it. Explain how the contract
changes the payoffs in the matrix.
• This case is left as a voluntary exercise (see lecture notes).
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Why is it so difficult to bargain over externalities?

Consider three parties, A, B, C . Let AB denote the group
consisting of A and B, AC of A and C , and so on.
• Can the parties come with a contract that they all produce
together? That is, will ABC emerge?
• Let the parties enter the negotiation room in the following
order: A first, B second, C third.
• How much A will offer B? Depends on what B can expect
from collaboration with C .
This case is covered in the lecture notes.
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Summary: Strategic decisions and externalities

• Common pool problem
- Scare resource that is extracted by many

• Non-cooperative outcomes
- Participants maximize their own payoffs
- Everyone can be worse off

• Cooperative outcomes
- Everyone agrees to maximize the common good
- Hard to maintain: incentives to free-ride

• Multiple parties make bargaining challenging
- Negotiation protocols matter!
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Agenda

Last time
• Externalities, Pigou vs. Coase
• Strategic interactions
Today
• Measuring externalities
• Cost–benefit analysis
Note! We will save a part of the discussion for later, if we succeed
in getting a guest appearance from Peter Matthews

66

Recap: Optimal bids
Profits of a firm are given by revenues - costs:
N

π (x ) = pf (x ) −

∑ wn xn ,

n =1

In general, optimal to have marginal revenue equal marginal cost:
p

∂f
− wn = 0
∂xn

∀n,

Take a coal plant with f (xc ) = ηc xc and assume that production
capacity is constrained by xc < k. Then optimal choice will
depend on the price as follows
(
k,
if p > wc /ηc ,
xc =
0,
if p < wc /ηc .
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Recap: Climate negotiations

As simple model as we can:
Player Y
Ui (z1 , z2 ) = zi −

d
2

∑

k =1,2

zk

2

⇒

Player X

C

D

C

2, 2

D

4, −4

−4, 4
0, 0

• Economic gains from production occur now
• Damages revealed only in the future → uncertainty

• True in many cases that we discuss in this course

• Also: Incomplete information on the costs of others
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Measuring externalities

• Privately beneficial actions of individuals in a market can
cause externalities.
• Care needed to quantify the magnitude of effects
- By definition externalities lack the clarity of prices and
quantities in a marketplace.
- Often separate reporting required.

• And the externality can be hard to measure in monetary terms
- E.g. effects to human health or the environment.

• Need to resort to empirical methods
- Modern statistical tools developed to show causal relations.
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Examples today: Local pollutants

“

Particulate matter emissions have been linked to serious health issues including lung cancer, premature
deaths, increased respiratory symptoms as well as
lethal heart conditions. The PM2.5 has shown to be
the most dangerous, as particles this small are able
to penetrate into the lungs as well as bloodstream.

”

Source: Raaschou-Nielsen et al., 2017.
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Example: Trend in Finland

Figure 14: PM2.5 concentration over time.

Source: EEA.
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Example: Trend in Finland and Sweden

Figure 15: PM2.5 concentration over time.

Source: EEA.
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Example: Trend in Finland and Sweden

Empirical questions on the trends
• Why are the trends downwards? (And are they really?)
• What causes the trend?
• What are the benefits of reduced emissions? And the costs of
environmental policies?
• How are the costs and benefits distributed?

Source: EEA.
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Example: Of measurement

Figure 16: PM2.5 concentration in Helsinki just now.
Source: HSY.
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Example: Why do we need causal inference?

• Observe life expectancy Y and PM10 by location j, which has
some observable characteristics Xj .
• Why not simply run the following linear regression?
Yj = β 0 + β 1 PMj + Xj ϕ + ej
• Sure, we could do so to find correlation, but what if there is
something else affecting Yj , not captured by Xj ?
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Of models in general

• We are interested in understanding what causes something
- Like why some people live longer than others

• Have some hypothesis of an effect
- Local air pollutants bad for the health

• Ideal setting: Run an experiment that randomly assigns
subjects to treatment and control groups
- Can’t really expose people to more pollution

• Try to find other sources of variation to identify the causal
relationship
For more, see e.g. Josh Angrist’s Nobel Prize Lecture 2021
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Example: Evidence from China

• We go through a quasi-experimental setting
- Government used “random” policy that led to differential air
pollution levels on the two sides of the Huai river
- Helps in identifying the effect of air pollution on mortality.

• Why important?
- If we know the relationship between air pollution and health
effects, helps to measure the gains from policies that reduce
air pollutants
- Translating to money is another issue. This relates to “the
value of statistical life”, to be discussed
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Example: Huai River and the Policy

Figure 17: China’s Huai River/Qinling Mountain Range winter heating
policy line and PM10 concentrations
Source: Ebenstein et. al, PNAS, 2017.
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Example: Findings

• In the North, PM10 concentrations higher (42 µg/m3)
• life expectancies are 3.1 y (95% CI: 1.3, 4.9) lower,
• long-term exposure to an additional 10 µg/m3 of PM10 is
associated with a reduction in life expectancy at birth of
about .64 y (95% CI: 0.21, 1.07).

Source: Ebenstein et. al, PNAS, 2017.
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Example: How to estimate concentrations?

Figure 18: Fitted values from local regression of PM10 exposure on
distance from the Huai River, separately on each side of the river.
Source: Ebenstein et. al, PNAS, 2017.
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Example: Estimation results

Source: Ebenstein et. al, PNAS, 2017.
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Example: Empirical approach

PMj = α0 + α1 Nj + f (Lj ) + Nj f (Lj ) + Xj γ + uj
d j + f (Lj ) + Nj f (Lj ) + Xj ϕ + ej
Yj = β 0 + β 1 PM

• First stage: estimate how PM10 at location j depends on the
covariates: location Nj , distance Lj , and observable
characteristics Xj
• Second stage: explain life expectancy (Yj ) by the fitted first
stage PM10 and the covariates, assumes the Huai River Policy
only influences life expectancy through its impact on PM10
Source: Ebenstein et. al, PNAS, 2017.
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Example: The impact of PM10 to life expectancy

Source: Ebenstein et. al, PNAS, 2017.
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Costs and benefits

The cost-benefit question

How much pollution should be limited to maximize net benefits?
• How to measure the benefits of environmental protection?
• How to measure cost?
• What is the optimal protection level?
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The cost-benefit question
To fix ideas:
• i ∈ I = {1, .., N }, set of agents

• ai , abatement by each source

• Bi (a1 , a2 , ..., aN ), benefits for i
• Ci (ai ), cost of abatement
The policy problem is to choose abatements such that the total
gains are maximized:
N

max

∑ Bi (a1 , ..., aN ) − Ci (ai )

{a1 ,...,aN } i =1
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The cost-benefit question
Marginal cost,

∂Ci (ai )
∂ai ,

should equal the marginal gain,

N
∂B (a1 , ..., aN )
∂Ci (ai )
=∑ i
∂ai
∂ai
i =1

Often the gains depend on the sum of actions so that
Bi (a1 , ..., aN ) = B (a1 + ... + aN ) and
∂C (a )
∂C1 (a1 )
= ... = N N = NB 0 (a1 + ... + aN )
∂a1
∂aN
|
{z
}
Cost efficiency

Cost efficiency: marginal abatement cost (MAC) should be
equalized across agents.
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Costs and damages

Figure 19: Pollution damages.
Source: Muller, Mendelsohn and Nordhaus, AER, 2011.
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What are the types of damages that have been quantified?

In the case of air pollutants:
• Health effects in terms of increased mortality may be as much
as 95 % of all damages.
• Other effects that have been quantified include:
- Impaired visibility, depreciation of man-made materials,
increased rates of illnesses, reduced recreation services, lost
timber yields, and decreased agriculture harvests.

Much has been done in other contexts and relating to other
damages (we will return to climate change later); but also much
work still to be done for questions like biodiversity.
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The Value of Statistical Life, VSL

How to express in money? This is important since the bulk of the
gains from pollution-reductions typically come from change in
mortality.
• How much would individuals be willing to pay (WTP) achieve
a small reduction in the probability of death?
VSL =

WTP
∆Risk

• One can then convert the probability of premature death, such
as caused by pollution, to an euro value.
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Further complications: Damages differ across localities

Figure 20: Marginal pollution damage of PM2.5 in USD/ton/year.
Source: Muller and Mendelsohn, AER, 2009.
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Putting it all together
Table 1—Gross External Damages and GED/VA Ratio by Sector
Sector
Agriculture and forestry
Utilities
Transportation
Administrative, waste management, and remediation services
Construction
Arts, entertainment, and recreation
Accommodation and food services
Mining
Manufacturing
Other services
Wholesale trade
Retail trade
Information
Finance and insurance
Real estate services
Professional, scientific, and technical services
Management
Educational services
Health care services
Total all sectors

GED
32.0
62.6
23.2
10.7
14.7
2.2
4.2
3.3
26.4
1.0
1.2
1.7
0.0
0.0
0.0
0.0
0.0
0.0
0.7
184.0

GED/VA
0.38
0.34
0.10
0.08
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Note: GED in $ billion per year, 2000 prices.

Figure 21: GED=gross external damages, VA=value added

Source: Muller, Mendelsohn and Nordhaus, AER, 2011.
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Weighing externalities

• Measuring externalities tricky in the best of circumstances.
• Many of the channels by which damages occur are not well
understood.
• Policy interventions needed to correct market activities.
• Quantifying the damages in monetary terms one way to
balance decisions across the society
- Typical questions: environment vs. jobs?
- Scarce resources will impact decision potential in any case.
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Agenda

This week
• Externalities
Next week
• Policies
• EU ETS
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Agenda

Last week
• Externalities
This week
• Prices vs. quantities: EU ETS as an example
• Policy measures in general
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Repeat: Of models and economics and this course
Empirical economics
• We are interested in understanding what causes something
• Have some hypothesis of an effect
• Ideal setting: Run an experiment that randomly assigns
subjects to treatment and control groups
• Try to find other sources of variation to identify the causal
relationship
Theory helps us to
1. Clarify thinking: Understand mechanisms
2. Identify what to look for empirically
3. Give guidance in situations where empirics are lacking
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Recap: Costs and damages

Figure 22: Pollution damages.
Source: Muller, Mendelsohn and Nordhaus, AER, 2011.
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In-class exercise: Simple market for emission reductions
We’ll organize a market (of sorts) to cut 50% of CO2 emissions:
1. You own a firm that emits 1 MtCO2 per year.
2. You can abate emissions or buy a permit to emit from the
market.
3. The abatement action is costly. Your abatement cost will
depend on the ordinal number of the first letter of your first
name (A = 1, B = 2, . . . ), use a proxy if needed.
4. Assume the market is competitive. This should help you to
place a bid based on your cost
- Go to presemo.aalto.fi/eee to place your bid

Let’s proceed by 1) counting the total emissions, 2) setting a
target 3) guessing the market clearing price, & 4) computing the
actual outcome.
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Repetition: The cost-benefit question
Marginal cost,

∂Ci (ai )
∂ai ,

should equal the marginal gain,

N
∂B (a1 , ..., aN )
∂Ci (ai )
=∑ i
∂ai
∂ai
i =1

Often the gains depend on the sum of actions so that
Bi (a1 , ..., aN ) = B (a1 + ... + aN ) and
∂C (a )
∂C1 (a1 )
= ... = N N = NB 0 (a1 + ... + aN )
∂a1
∂aN
|
{z
}
Cost efficiency

Cost efficiency: marginal abatement cost (MAC) should be
equalized across agents.
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The instrument choice question: taxes
• τ, tax per unit of pollution
• ui , unrestricted pollution by source i
• ui − ai , pollution after abatement
Firm i problem is to minimize costs:

min Ci (ai ) + τ (ui − ai )
ai

The firm chooses
∂Ci (ai )
=τ
∂ai
Since this holds for all firms, we have
∂C1 (a1 )
∂C (a )
= ... = N N
∂a1
∂aN
Cost efficiency!
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The instrument choice question: tradable pollution rights
• E , total amount of pollution rights (permits)
• ei , endowment of permits for i so that e1 + ... + eN = E
• p, market price for permits
Firm i problem is to minimize costs:
min Ci (ai ) + p (ui − ai − ei )
ai

The firm chooses
∂Ci (ai )
=p
∂ai
Since this holds for all firms, we have
∂C1 (a1 )
∂C (a )
= ... = N N
∂a1
∂aN
Cost efficiency! The result does not depend on how endowments
are allocated to individual firms as long as the sum remains E .
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Summary: the choice between prices and quantities
• Permits and taxes are equivalent instruments:
∂Ci (ai )
= τ ⇒ ai (τ ) ⇒ ∑ ui − ai (τ ∗ ) = E
∂ai
i ∈I
|
{z
}
{z
}
|
abatement depends on tax

tax τ ∗ leads to emissions E

∂Ci (ai )
= p ⇒ ai (p ) ⇒ ∑ ui − ai (p ∗ ) = E
∂ai
i ∈I
{z
}
|
{z
}
|

abatement depends on price

price p ∗ leads to emissions E

• Thus, the government can set the tax τ ∗ (price) and then
quantity E emerges from firms’ choices, or it can set E
(quantity) and then price p ∗ emerges from firms’ choices
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Price uncertainty
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Figure 23: Prices per ton of SO2 in dollars.
Source: Schmalensee, Richard, and Robert N. Stavins. 2013. ”The SO2 Allowance Trading System: The Ironic
History of a Grand Policy Experiment.” Journal of Economic Perspectives, 27 (1): 103-22.
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Uncertainty: the choice between prices and quantities

• As we have seen: prices and quantities are equivalent
instruments if the regulator knows the benefit and abatement
costs
• It is enough to know the aggregate costs, information about
each firm’s private cost is not needed
Uncertainty about the aggregate cost of emissions reductions
changes the equivalence between prices and quantities: they lead
to different outcomes
• The choice between prices and quantities depends on the
slopes of benefit and cost curves
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Uncertainty: Prices vs. quantities

Figure 24: The analysis is easier if emissions (instead of abatement) are
the dependent variable. Emissions cause damages, abatement causes
benefits. This figure shows the link.
104

Uncertainty: Prices vs. quantities

Figure 25: For firms, abatement causes costs, but there is demand for
emissions. This figure shows the link.
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Uncertainty: Prices vs. quantities

Let us first use these new figures to restate the equivalence
between prices and quantities.
• Let D be the market demand of emissions. Without
regulation, firms would produce until D=0. See figures below.
• The social marginal damage is MD, so that in the social
optimum D=MD
• Price regulation: tax set at a level where D=MD (in Figures
t denotes the tax)
• Quantity regulation: limit the supply of permits E as long as
damages exceed costs
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Uncertainty: Prices vs. quantities
Now: uncertainty about demand for emissions D
• If D is not know at the time of regulation, D is only the
expected value of emissions to firms. The true, realized value
could be D’, e.g., due to a boom in the economy. Then, the
neither of the instruments is ex post optimal
• The social losses are given by areas A and B
• Depends on the relative slopes of the D and MD curves
• If MD is very steep, it is better to use permits. Makes sense:
when serious damage can occur from excessive taxation, it is
better to fix quantities. Toxic waste, for example.
• If MD is very flat, taxes are better. This is an argument for
taxes in climate change.
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Prices vs. quantitites

Figure 26: The difference between taxes and permits under uncertainty.
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Prices vs. quantitites

Figure 27: With steep marginal damages, taxes can imply huge losses.
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Prices vs. quantitites

Figure 28: With constant marginal damages, tax optimal.
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Illustration: The NOx Budget Trading Program (NBP)

• NBP run in Eastern U.S. states in 2003-2008.
• Covered 2,500 electricity generating units and industrial
boilers; 700 coal-fired electricity generating units in the
market accounted for 95 percent of all NBP NOx emissions.
• Purpose to address regional air pollution that contributes to
the formation of ozone.
• Later replaced by other regulation.
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The impact on emissions

Figure 29: Daily average NOx emissions in thousands of tons.
Source: Deschenes, Olivier, Michael Greenstone, and Joseph S. Shapiro. 2017. ”Defensive Investments and the
Demand for Air Quality: Evidence from the NOx Budget Program.” American Economic Review.
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Costs and benefits from reductions
Costs of abatement
• The mean resulting permit price in the emissions market was
USD 2,523 per ton of NOx.
• Provides an upper limit to the abatement costs, around USD
1.1 billion annually.
Improvements in air quality produced substantial benefits:
• Positive health effects of around USD 2.1 billion annually
- Medication expenditures decreased by about 1.6 percent or
roughly USD 800 million annually
- Summertime mortality rate declined by up to 0.4 percent,
corresponding to 1,975 fewer premature deaths per summer,
from VSL estimates: about USD 1.3 billion annually.

• Not estimated: emissions can impact crop yields, visibility, the
value of outdoor activities, the purchase of air filters, etc.
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Table 6—The Welfare Impacts of the NBP and the Social Benefits of NOx and Ozone Reductions
Mortality:
Medication Medication
costs
copayments
($ million) ($ million)
(1)
(2)

Panel A. An upper bound estimate of NBP’s social costs
Upper bound per year
–
–
Upper bound, 2003–2007 total
–
–

Monetized
Number of value
deaths ($ million)
(3)
(4)

Total
Total
using (1) using (2)
($ million) ($ million)
(5)
(6)

–
–

–
–

$1,076
$4,843

$1,076
$4,843

1,975
8,887

$1,319
$5,935

$2,139
$9,625

$1,480
$6,660

Panel C. The annual social benefits of NOx reductions in NBP states (million tons)
Regressions based on …
All counties
$938
$178
6,048
$4,039
Counties with NOx emissions
$531
$103
3,127
$2,088

$4,977
$2,620

$4,217
$2,192

$2,066
$704

$1,818
$637

Panel B. Estimates of the NBP’s benefits
Total per year
$820
Total 2003–2007
$3,690

$161
$725

Panel D. The social benefits of ozone reductions in NBP states (ppb)
1 ppb ozone decrease
$290
$41
2,660
$79
$11
937
1 Less day with ozone > 65 ppb

$1,777
$625

Notes: All dollar amounts are in 2015 constant dollars deflated using BLS CPI for urban consumers. The mortality impact estimates without dollar signs are number of deaths. The monetized mortality impact uses the VSL of
$2.27 million (2015 dollars) from Ashenfelter and Greenstone (2004) and the age adjustments from Murphy and
Topel (2006, p. 888). The implied VSLs are as follows: $2.26 million (infants); $1.78 million (age 1–64); $0.7 million (age 65–74); and $0.3 million (age 75+). Total 2003–2007 decrease due to NBP assumes impact is for half
of 2003 summer and for all of summers 2004–2007. NBP cost upper bound is based on the permit price of about
$2,523/ton US$(2015) and estimated total abatement quantity of 427,000 tons. The numbers in panel A comes
from multiplying together the mean NBP allowance price per ton, the effect of the NBP on county-level NOx emissions (Table 2, column 4), and the number of counties in the NBP states (1,185). The numbers in panels B–D come
from multiplying together regression estimates of how the NBP, NOx, or ozone affects medication costs or mortality by the total number of people in the NBP states in the year 2005 (136 million people). Specifically, panel B,
column 1, uses the estimate from Table 3, column 3. Panel B, columns 2–3 use the estimates from Table 4, column 3, panel C. Panel C, column 1 uses the estimate from Table 5, column 1, panel B. Panel C, columns 2–3 use
the estimate from Table 5, panel B, column 3. Panel D, column 1 uses the estimate from Table 5, panel B, column 2.
Panel D, columns 2–3 use the estimate from Table 5, panel B, column 4. Panel D estimates are based on regressions using counties with ozone monitors. All estimates apply to the full population in NBP states. See the text for
further details.

75 and
over.
The implied VSLs are as follows: $2.3 million (infants), $1.78 million
Source: Deschenes et al.,
AER,
2017.
(ages 1–64), $0.7 million (ages 65–74), and $0.3 million (ages 75+). The applica-
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Prelude: Market changes, overlapping policies
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Figure 30: Prices per ton of SO2 in dollars.
Source: Schmalensee, Richard, and Robert N. Stavins. 2013. ”The SO2 Allowance Trading System: The Ironic
History of a Grand Policy Experiment.” Journal of Economic Perspectives, 27 (1): 103-22.
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EU ETS
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Figure 31: Prices per ton of CO2 in euros. Shaded regions describe the
phases I–IV.

Source: EEA, ICE.
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Two basic questions about EUA prices

1. Are the price fluctuations a problem?
• Low prices are a departure from the socially optimal CO2 price
paths (e.g. Nordhaus).
• High volatility can hinder investments.
• The system could have been designed differently → a hybrid
system with properties of both price and quantity regulation.
2. How to make the prices more predictable?
• Banking of permits after phase 1
• Market Stability Reserve introduced in phase 3
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How to limit price fluctuations?

Theoretical solution is a hybrid instrument: emissions trading
with price limits
• Introduces a price collar: see next page
• Provides a safety-valve for prices in booms and price discovery
in recessions
- government sells more permits at pre-determined price pH if
demand is high
- government buys back permits at pre-determined price pL if
demand is low
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Price fluctuations: a hybrid system

Figure 32: Stabilizes prices and improves efficiency!
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Market Stability Reserve

Surplus of 1749 million allowances at the start of phase 3
→ low prices, low emissions reductions
• Politically a challenge to set a tighter cap.
• Backloading of auction volumes in 2014–2016.
• Did not reduce the overall number of allowances to be
auctioned during phase 3.
• Longer-term solution, MSR started in January 2019.
• Based on stock of permits held by firms: the more firms store,
the more the MSR reduces supply.
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EU ETS – How’s it going?
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Figure 33: Prices per ton of CO2 in euros

Source: EEA, ICE.

121

Market Stability Reserve

Figure 34: Shock lowers future expected demand (Perino et al. 2021.)
• MSR stabilizes based on stock of permits
- Ok in the case of past oversupply (e.g. 2013)
- Not ok in the case of changed expectations (see Figure)
• Contracting supply is effective against past oversupply but
counterproductive in case of anticipated increases in scarcity

→ Stabilization should be based on prices.
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Policy relevance

Three best seller topics:
• Passthrough of costs
• Risk of carbon leakage
• Is EU ETS reducing emissions?
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Pass-through of EU ETS costs

Figure 35: EU ETS increases end product prices, even the polluting
firms can benefit.
Source: Fortum.
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Pass-through of EU ETS costs

Figure 36: EU ETS increases end product prices, free initial allocation
gives wind-fall profits.
Source: Bloomberg.
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Carbon leakage
Many potential channels:
1. Competitiveness: emission constraints increase the price of
output worldwide and thereby encourage production in regions
without climate policy (intensive margin)
2. Investments: return on investment in energy-intensive
production is larger in regions without climate policy
(extensive margin)
3. Energy prices: decrease in the price for fuels can lead to
increase in demand in emissions elsewhere
According to IPCC 2007, the leakage rate could be 5 − 20% of
Kyoto reductions (AR4 WGIII Technical Summary). In simulation
models, average leakage rates range between 10 − 30%.
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Policy response to leakage: Exemption

Figure 37: Sectors exempt from permit auctions.

Source: Martin, Muûls, de Preux and Wagner. AER, 2014.
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Carbon leakage
Carbon leakage is the reason to care about allocations
• In theory: permit endowments (initial allocations) do not
matter (as we have seen earlier)
• But carbon leakage can make a difference: climate policies are
not universal, firms may relocate to places with less stringent
policies
- a situation where carbon emissions are transferred from one
location to another due to the absence of climate regulations
- for example, Finnish companies might relocate to other
countries due to climate regulation in Finland, unless they are
somehow compensated for the regulations

• Who should receive such compensation and how much?
- firms demand pollution endowments for free: “grandfathering”
- alternatively, the government could sell all permits in an
auction
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Policy response to leakage: Subsidies

Figure 38: Illustration from Finland: Energy taxes refunded and the
number of firms receiving a refund. Exemptions also in other EU
countries.
Source: Laukkanen, Ollikka and Tamminen, VATT 2019.
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Case study: Impact of EU ETS to emissions

• What is the impact of EU ETS to emissions in 2005–2012?
- Emissions should decrease, if economics works
- Uncertainty over the magnitude: Oil prices 25% higher
2005-2015 compared to 2005; recession; low EU ETS prices.

• Empirical strategy is to use a natural experiment
- Not all carbon-emitting plants are regulated.
- Inclusion criteria at installation level related to production
capacity.
- Causal effect identified through matching.

• Reading assignment provides an update!

Source: Dechezleprêtre, Nachtigall and Venmans, OECD 2018.
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If cap does not bind, is there an impact to emissions?

Figure 39: Overall cap and verified emissions from EU ETS installations
2005–2015.
Source: Dechezleprêtre, Nachtigall and Venmans, OECD 2018.
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Difference in development within EU ETS and (just) outside

Figure 40: Emission trend before and after the EU ETS after matching.
Source: Dechezleprêtre, Nachtigall and Venmans, OECD 2018.
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Reduction of emissions

Figure 41: The causal impact of the EU ETS in the baseline scenario.

Source: Dechezleprêtre, Nachtigall and Venmans, OECD 2018.
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Reduction of emissions

Figure 42: The effect of the EU ETS on aggregate emissions reductions.

Source: Muüls et al., 2022.
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Summary of EU ETS

• Efficient in theory, not immune to other policies
• Exemptions and subsidies to prevent carbon leakage are given
to firms but they are not grounded in research.
• Still, working as indented: Emissions going down!
• System improving over time, EU committed for the long haul.
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• Policy measures in general
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Repetition: The cost-benefit question
Marginal cost,

∂Ci (ai )
∂ai ,

should equal the marginal gain,

N
∂B (a1 , ..., aN )
∂Ci (ai )
=∑ i
∂ai
∂ai
i =1

Often the gains depend on the sum of actions so that
Bi (a1 , ..., aN ) = B (a1 + ... + aN ) and
∂C (a )
∂C1 (a1 )
= ... = N N = NB 0 (a1 + ... + aN )
∂a1
∂aN
|
{z
}
Cost efficiency

Cost efficiency: marginal abatement cost (MAC) should be
equalized across agents.
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Summary: the choice between prices and quantities
• Permits and taxes are equivalent instruments:
∂Ci (ai )
= τ ⇒ ai (τ ) ⇒ ∑ ui − ai (τ ∗ ) = E
∂ai
i ∈I
|
{z
}
{z
}
|
abatement depends on tax

tax τ ∗ leads to emissions E

∂Ci (ai )
= p ⇒ ai (p ) ⇒ ∑ ui − ai (p ∗ ) = E
∂ai
i ∈I
{z
}
|
{z
}
|

abatement depends on price

price p ∗ leads to emissions E

• Thus, the government can set the tax τ ∗ (price) and then
quantity E emerges from firms’ choices, or it can set E
(quantity) and then price p ∗ emerges from firms’ choices
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Figure 43: Prices per ton of CO2 in euros. Shaded regions describe the
phases I–IV.

Source: EEA, ICE.
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Two basic questions about EUA prices

1. Are the price fluctuations a problem?
• Low prices are a departure from the socially optimal CO2 price
paths (e.g. Nordhaus).
• High volatility can hinder investments.
• The system could have been designed differently → a hybrid
system with properties of both price and quantity regulation.
2. How to make the prices more predictable?
• Banking of permits after phase 1
• Market Stability Reserve introduced in phase 3
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How to limit price fluctuations?

Theoretical solution is a hybrid instrument: emissions trading
with price limits
• Introduces a price collar: see next page
• Provides a safety-valve for prices in booms and price discovery
in recessions
- government sells more permits at pre-determined price pH if
demand is high
- government buys back permits at pre-determined price pL if
demand is low
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Price fluctuations: a hybrid system

Figure 44: Stabilizes prices and improves efficiency!
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EU ETS – How’s it going?
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Figure 45: MSR in operation from 2019.
Market Stability Reserve (MSR). Based on stock of permits held by
firms: the more firms store, the more the MSR reduces supply.
Source: EEA, ICE.
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Market Stability Reserve

Figure 46: Shock lowers future expected demand (Perino et al. 2021.)
• MSR stabilizes based on stock of permits
- Ok in the case of past oversupply (e.g. 2013)
- Not ok in the case of changed expectations (see Figure)
• Contracting supply is effective against past oversupply but
counterproductive in case of anticipated increases in scarcity

→ Stabilization should be based on prices.
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Summary of EU ETS

• Efficient in theory, not immune to other policies
• Costs often passed on to consumers, firms can benefit
• Still, working as indented: Emissions going down!
• System improving over time, EU committed for the long haul.
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Policy menu

PRICES
Taxes
Subsidy
Charge,
fee/tariff
Depositrefund
Refunded
charge

RIGHTS
Property
rights
Tradable
permits
Tradable
quotas

REGULATION
Technological
standard
Performance
standard

Certificates

Permits

Common property
resource management

Zoning

Ban

INFO/LEGAL
Public
participation
Information
disclosure
Voluntary
agreement
Liability

Source: Thomas Sterner.
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Source: Photo: George Argeroplos / Newsday via Getty Images.
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This week
• Policies, efficient ones
Next week
• Policies, distortions
• Investments
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• Policies, distortions
• Investments

149

Stepping stones

1. Externality
2. Policy
3. Firms adapt
4. Market allocates
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Examples of inefficient policies
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Examples of inefficient policies

Source: Photo: George Argeroplos / Newsday via Getty Images.
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Motivation for renewables
• Rapid technological change in the energy sector is essential to
tackle climate change
• Carbon prices alone believed to be too slow or lead to too
high prices (or some other political motives)
• Simple logic for renewable subsidies:
- Firms get subsidies to build renewables
- Renewables push fossil fuels out
- Subsidies ramped down as technology matures

• Seems to be working: Now market based investments
- Renewables the cheapest sources of energy
- Solar and wind the main technologies
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Cost incidence

Figure 47: Carbon pricing increases costs of the dirty technology,
subsidies make the clean technology cheaper.
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Model for evaluating policies
• CR (QR ) cost of renewable energy QR
• CF (QF ) cost of fossil energy QF
• C (Q ) total cost Q = QF + QR
C (Q ) = min {CR (QR ) + CF (QF ) : Q = QF + QR }
Q R ,Q F

• U 0 (Q ) = P (Q ) market price: marginal valuation equals price →
demand curve!
Absence of regulations: P (Q ) = C 0 (Q ) = CR0 (QR ) = CF0 (QF )
• Both technologies contribute up to the point where the marginal
costs are equal.
• Consumer price incentivizes productions from the two sources.
See the lecture notes providing details on this model.
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A policy: limit for Q F for fossil energy

If the target is binding, then QF = Q F . The total cost increases:
• C 0 (QR ) 6= C 0 (Q F ), marginal costs no longer equalized

• C 0 (QR ) − C 0 (Q F ) = λ > 0, ”the price” of the target

• in equilibrium, C 0 (QR ) = P (Q ) = C 0 (Q F ) + λ
Two basic ways of implementing the target:

• If quota Q F is implemented through tradable rights, λ > 0
will be the market price for the right
• Or, there could be a tax on fossil fuel energy at level λ > 0
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Does the evidence support the theory?

Question of pass-through
• In the stylized model above, the cost pass-through of carbon
pricing is complete.
• The result relies on the assumption of price-taking and only
one technology being affected.
• How about a real-world case? → Empirical question!
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Illustration: Pass-through in the German electricity market

Figure 48: Pass-through under different market structures. The
pass-through rate can be 1, below 1 or above 1!

Source: Hintermann, 2016.
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Illustration: Pass-through in the German electricity market

Figure 49: Merit order and residual demand in German power market on
June 16, 2010 (left) and January 16, 2013 (right).

Source: Hintermann, 2016.
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Illustration: Pass-through in the German electricity market

Figure 50: Estimates for the pass-through rates: Here on average
complete pass-through, but by no means settled question on electricity or
other markets.
Source: Hintermann, 2016.
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What about subsidies?
With feed-in-tariff the renewable producers receive a guaranteed
price, independent of the market price. In our model:
• p, output price for each renewable producer.
• In equilibrium: CR0 (QR ) = p, and P = CF0 (QF )
Since F receives the final price, it is not paying the proper cost of
the policy target (λ above)
• To reach the target Q F : subsidize a greater entry of R than
what would minimize the cost of the target (achieved when λ
is imposed on F).
• Technology mix is not optimal.
161

Does the evidence support the theory?

Question on the impact of renewable subsidies
• In the stylized model, renewables push out the polluting
technology.
• Does that take place in the real world? → Empirical question!
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Identification strategies

Simultaneous estimation of demand and supply.
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Illustration: Impact of subsidies on the Nordic market
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Figure 51: Increase of wind power in the Nordic electricity markets:
Until now, investments to wind supported by subsidies.
Source: Liski and Vehviläinen, 2020.
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Illustration: Impact of subsidies on the Nordic market

TWh/month

10

5

0
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 52: Identification of a causal effect? We use the exogenous
variation in hydro availability to identify the supply curve.
Source: Liski and Vehviläinen, 2020. Figure actually shows thermal supply, but it is the reverse of hydro:
Qhydro + Qthermal is the margin that can adjust to demand.
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Illustration: Impact of subsidies on the Nordic market
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Figure 53: In this market, increase of wind has pushed out the more
expensive thermal units which are also the more polluting ones.
Source: Liski and Vehviläinen, 2020.
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Illustration: Impact of subsidies on the Nordic market

Table 4: Annual prices and expenditures

TWh WIND

Share
of demand

Low

0
10
20
30
40
50

0.00 %
2.50 %
5.00 %
7.50 %
10.00 %
12.50 %

30.62
26.96
23.73
20.87
18.35
16.13

Price, e/MWh
Mean
High
41.30
36.31
31.95
28.13
24.79
21.86

55.71
48.89
43.01
37.91
33.49
29.64

Low
11, 966
10, 497
9, 202
8, 061
7, 060
6, 177

Expenditure, Me/a
Mean
High
16, 143
14, 135
12, 388
10, 866
9, 537
8, 378

21, 779
19, 036
16, 679
14, 644
12, 886
11, 362

Subsidies that increased wind have pushed the prices down by almost
half. Consumer gain is larger than the paid subsidies!

Source: Liski and Vehviläinen, 2020.
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Externalities of subsidies

Figure 54: Three characteristics of VRE: temporal variability,
uncertainty, and locational specificity cause costs on the power system
level.
Source: Hirth et al. 2015.
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Temporal variability

Figure 55: The “duck” curve in Califonia.

Source: Borenstein and Bushnell, 2015.
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Temporal variability

Figure 56: Wind and demand profiles in the Nordic market.

Source: Liski and Vehviläinen, 2020.
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So why have subsidies been used?

• Countries have political renewable targets
- For example, all EU countries in the 20-20-20 package.

• Can reduce existing rents in the market
- Cost incidence argument.
- Works against carbon leakage.

• Reducing investor risks
- Society can cover a greater share of the risk of entry.

• Technology spillovers
- Incentives to develop particular technologies.
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Agenda

This time
• Policies, distortions
Next time
• Investments
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a. Production/consumption
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c. Innovations

4. Market allocates
i. Efficient use of existing resources
ii. Price signals
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Reminder

• Market prices serve two main functions
- Short-term allocation of resources according to the lowest cost.
- Price signals for investments and the development of new
technologies.

• We have already discussed how instruments that control
externalities affect electricity market prices
- The theoretical optimum (prices and quantities).
- We also discussed distortions that e.g. subsidy schemes create.

• We still need understand how investments are made in
response to changes in the prices.
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Why investments are risky?

Figure 57: Demand and supply. Fuel cost here includes the cost of
emissions.
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Incentives to invest

Figure 58: Technologies that do not use carbon inputs are of higher
quality (economically).
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Making emissions more costly

Figure 59: Fuel cost here includes the cost of emissions.

177

But prices can also decline in the future:

Figure 60: Thus, in a market equilibrium, there is a mark-up over
investment costs. The carbon cost may have to be very high before
market-based investments take place. Feed-in tariffs provide a protection
for the downside risk, so investments take place earlier.
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Private investments

• Climate policies have an impact on investments
- Traditional policy instruments (prices or quantities) tend to
encourage all investments.
- Subsidy schemes for renewables discourage investments for all
other generation.

• We should learn to evaluate the profitability of such
investments, from a corporate and social perspective.
• Case studies presented in the lecture slides
1. Nuclear power: Carbon free baseload capacity. Some countries
shutting down, others allowing more new builds.
2. Wind power: Cheapest energy source outside the solar belt.
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Total costs
• Capital costs
- Results from investment costs to a project.
- Capital from equity investors and as loans.
- Project needs to provide return against the capital given.

• Fixed costs of operating and maintenance
- Everything that does not depend on production.
- For example costs for land use, buildings, staff, insurances.

• Variable costs of operating and maintenance
- Everything that does depend on production.
- E.g. fuel costs, environmental taxes and fees, wear and tear.
- Often what we mean when we talk about marginal costs.

For nuclear and wind, capital costs clearly dominate.
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Measure for total costs: Levelized Cost of Energy, LCOE
LCOE for a given production plant is the constant (in real terms) price
for output that would equate the net present value of revenue from the
plant’s output with the net present value of the cost of production.
Formally,
N

LCOE

∑ qt (1 + r )t

N

=

t =1

⇒
LCOE =

Ct
(1 + r )t
t =0

∑

C

t
∑N
t =0 (1+r )t
qt
∑N
t =1 (1+r )t

where Ct is the cost of production at time period t, N is the total
number of periods, r is the annual interest rate, and qt is the quantity of
production. To make sure: C0 captures the capital costs, and the cost in
later periods are the items C1 , C2 , ..., CN .
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Illustration LCOE of different technologies 1

Source: Fortum, 2016.
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Illustration LCOE of different technologies 2

Source: U.S. EIA.
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Nuclear power

• From the table above, LCOE of nuclear is 70+ EUR/MWh.
• In Finland, Fennovoima was building a nuclear plant and has
declared that LCOE is going to be below 50 EUR/MWh, at
least for the first 10 years.
• Can we explain the differences?

184

Externalities of nuclear power
• Important source of carbon free generation globally
- Most regions with electricity markets: no direct subsidies. UK
exception: feed-in-tariff for nuclear.
- If electricity market prices include carbon externality, then
nuclear in competition with other carbon free technologies.

• Externalities from nuclear safety and nuclear wastes
- Technological standards that vary across jurisdictions: Finland
very strict in enforcing.
- Liability rules: lax enforcing, still reliance on public funding in
case of major accidents.
- Permitting: generation sites, operating licenses, and waste
handling.

• Other concerns: impacts on the power system, supply chain of
uranium, nuclear proliferation.
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Nordic nuclear industry – ongoing restructuring
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Nuclear in the Nordics: units

Abbr.

Generation
TWh/year

Announced
closure

Marginal cost
EUR/MWh

Forsmark 1
Forsmark 2
Forsmark 3
Oskarshamn 1
Oskarshamn 2
Oskarshamn 3
Ringhals 1
Ringhals 2
Ringhals 3
Ringhals 4

F1
F2
F3
O1
O2
O3
R1
R2
R3
R4

7.23
8.11
8.72
2.55
4.16
9.92
5.33
4.78
7.29
8.18

–
–
–
2017
2015
–
2020
2019
–
–

19.5
17.6
16.5
29.5
25.3
19.1
26.9
27.3
18.8
18.6

Loviisa 1
Loviisa 2
Olkiluoto 1
Olkiluoto 2
Olkiluoto 3

L1
L2
OL1
OL2
OL3

5.33
4.78
7.29
8.18
12.6

–
–
–
–
–

NA
NA
NA
NA
NA

Unit

Table 5: Nuclear plants in the Nordics. Olkiluoto 3 is joining the grid.

Source: Liski & Vehviläinen 2018.
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Nuclear power ownership in Finland

Nuclear power plants in Finland are owned by three companies
1. TVO owns two operating units (Olkiluoto 1 and Olkiluoto 2)
and one that is under construction (Olkiluoto3)
2. Fennovoima has been granted a positive decision-in-principle
for its unit (Fennovoima 1)
3. Fortum owns two units (Loviisa 1 and Loviisa 2)
First two are ”cooperatives”. This ownership form is the ”Finnish
model”
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Nuclear power plants in Finland

Cooperatives:
• Consortium to joint-finance large investments.
• Financing share=output share. Also, the running costs are
shared in the same proportions.
• Electricity to shareholders with cost-of-service price.
• Majority of nuclear power capacity owned by cooperatives (70
% at the moment, 77 % after OL3 and 82 % after FH1).
Industry and wholesale interests are represented.
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Illustration of ownership

                        

EPV Energia Oy
Fortum Power and Heat Oy
Karhu Voima Oy
Kemira Oyj
Oy Mankala Ab
Pohjolan Voima Oy
Total

Series A
(OL1+OL2)
6.5
26.6
0.1
1.9
8.1
56.8
100

Series B
(OL3)
6.6
25
0.1
8.1
60.2
100

Series C
(Meri-Pori)
6.5
26.6
0.1
1.9
8.1
56.8
100

Total
6.5
25.8
0.1
1
8.1
58.5
100

    

Figure 61: Source: TVO
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What explains investments in nuclear in Finland?
• Co-operatives
- Limited exposure in individual balance sheets.
- Less equity required and lower risk premiums for loans.

• Market risk
- The plant is a long-term contract.
- Willingness to pay for the contract: industry structure and the
retail commitments.

• Strategic reasons
- Capacity share competition.

• Agency problems
- Many owners municipally controlled utilities.
- Local energy companies like to be in the energy business.
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Return requirement

Cost of capital
• rE , cost of equity, rD cost of debt
• A = E + D, assets=equity+debt
• weighted average cost of capital, WACC:
WACC =

D
E
rD (1 − τ ) + rE
A
A

• Where τ is the corporate tax rate.
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Fennovoima case?
• Declared investment costs in the range of 6.5 to 7.0 billion
euro, around 10 % less than assumed by the U.S. EIA.
• Operation and maintenance costs not public: limited
possibilities for major differences.
• Reported cost of electricity was 50 EUR/MWh
- Because of the cooperative arrangement, this wouldn’t seem to
include any returns on equity.

• If we back down the capital costs they would be around 2 %
- Well-below market rates for such risky project.
- The diverse ownership may help to bring costs down.
- Media reports on subsidized loans from the Russian
government or its affiliates.
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Wind in Finland: Reducing subsidies

• Wind power has been mostly built with subsidies so far.
• Finland had a feed-in-tariff of 83.50 EUR/MWh for wind
- Paid for 12 years.
- Subsidy scheme in place in 2011–2017.

• Replaced with an auctioned premium system
- Premium is paid on top of the market price (Finnish system is
with some tweaks).
- In the first and perhaps the only auction in 2018: 1.37 TWh
accepted with a premium between 1.27–3.97 EUR/MWh.

• After 2018, we have seen market based investments, need of
future subsidies uncertain at best.

194

Why still think of nuclear?

Figure 62: Optimal capacity mix by carbon price in the U.S.

Figure: Holland et al. 2022.
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Source: Finnish Wind Atlas, Etha Wind, Fingrid.
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Fortum wind power
• Fortum participated to the premium auction and had a bid for
2.87 EUR/MWh accepted for the Kalax site.
• Project size 90 MW and estimated 320 GWh/a generation.
• Declared investment costs in the range of 90 million euro,
around 15 % less than assumed by the U.S. EIA.
• Operation and maintenance costs not public, but limited
possibilities for major differences.
• Fortum’s financial targets include an investment hurdle of 100
bps over the WACC. Industry analysts place WACC for
Fortum at 5.3%.
• Backing down, the company would expect a market price of
ca. 32 EUR/MWh.
Additional difference to the EIA: 20 years vs. 30 years lifetime.
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LCOE = proxy for the fixed price contracts for renewables

Source: Bloomberg.
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Investments in energy technologies

• Market prices give signals for the investments.
• Subsidies and the way in which other externalities are taken
into account can distort the investments.
• Development efforts target technologies that get rewarded on
the market place.
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Agenda

This week
• Policies, distortions
• Investments
Next week
• Storage and time dynamics
• Exhaustible resources
• Climate change economics
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Agenda

Last week
• Policies, distortions
• Investments
This week
• Dynamics, exhaustible resources
• Climate change economics
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Stepping stones

1. Externality
2. Policy
3. Firms adapt i.e. make decisions on
a. Production/consumption
b. Investments
c. Innovations

4. Market allocates
i. Efficient use of existing resources
ii. Price signals
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Allocation over time: It’s like trade
Efficiency of allocation over time:

Price EUR/MWh

Nord Pool: Wed 08 Feb 2017, hour 03

Nord Pool: Wed 08 Feb 2017, hour 18
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20
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Figure 63: Buy cheap (left), sell dear (right) – it’s like trade!
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Dynamics in the electricity market

• So far the analysis has been with static technologies
- It matters a little for a condensing plant when it is running.
- Consumers have been unresponsive to prices, treated as “load”.

• Intermittent renewables force market changes
- Solar and wind will shape short-term electricity market
outcomes.

• Storage technologies are a response to these changes
- Battery storage gains a lot of attention.
- For the market, demand response is almost the same.
- Storage can also be in the supply side: hydropower!

• Understanding dynamics over time becoming more important!
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Dynamics in general

• Re-producible goods
- Bicycles, software, services, . . .
- Total supply over time is unlimited

• Renewable goods (resources)
- Timber, fish, hydro electricity, agricultural commodities
- Resource base is finite but the overall output is in principle
unlimited

• Non-renewable or exhaustible goods (resources)
- Industrial metals: copper, nickel, aluminum
- Fossil fuels: oil, coal, gas
- Resource base and the output are both finite
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Carbon budget=exhaustible resource

Cost of production
(2010 US$ per million BTU)
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Figure 1 | Supply cost curves for
oil, gas and coal and the
combustion CO2 emissions for
these resources. a–c, Supply cost
curves for oil (a), gas (b) and
coal (c). d, The combustion CO2
emissions for these resources. Within
these resource estimates,
1,294 billion barrels of oil, 192 trillion
cubic metres of gas, 728 Gt of hard
coal, and 276 Gt of lignite are
classified as reserves globally.
These reserves would result in
2,900 Gt of CO2 if combusted
unabated. The range of carbon
budgets between 2011 and 2050 that
are approximately commensurate
with limiting the temperature rise to
2 uC (870–1,240 Gt of CO2) is also
shown. 2P, ‘proved plus probable’
reserves; BTU, British thermal units
(one BTU is equal to 1,055 J). One
zettajoule (ZJ) is equal to one
sextillion (1021) joules. Annual global
primary energy production is
approximately 0.5 ZJ.
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Source: Glade & Ekins (Nature, 2017). Scarcity: figure d. How should the price of
scarcity develop over time such that the carbon budget is not exceeded?
Compare with the real-time CO2 budget: link.
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Example: Commodity markets
A story of an important resource that was made redundant by a
substitute
• Historical illustration: Chile was the monopoly producer of
”natural nitrogen” in 1880-1920.
• Sir William Crookes, the president of the British Association
for the Advancement of Science, in 1889 appealed to chemists
to develop a synthetic solution to the nitrogen problem, as
otherwise ”All England and all civilized nations stand in
deadly peril of not having enough to eat”, potentially as early
as in 1930.
• What happened?
207

Atacama desert
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Historical illustration

Chilean production over time
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Haber-Bosch process for synthetic production

Chilean production over time
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Theory: allocation of scarce resources over time

Basic definitions:
For exhaustible goods, overall consumption is finite
• Consumption today reduces what is available for future
• Two types of costs in extraction: (i) out-of-pocket marginal
cost of production; (ii) opportunity cost of production
(scarcity rent)
• Demand and supply meet at a different point in every period,
depending the on the resource stock left
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Equilibrium (or optimality) conditions
time periods t = 1, ..., T
1. price pt is equal to marginal cost of production MC plus the
opportunity cost of production Rt
pt = MC + Rt
2. opportunity cost should grow at the rate of interest r
Rt = Rt + 1 / ( 1 + r )
3. production over time equals the total resource endowment S
q1 + ...qT = S
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Consumption, scarcity rent, and prices

RT
R3

R2

R1

MC=c
Demand

qT=0

q3 q2

q1

q

Observe: consumption declines, scarcity rent increases, producer receives
a resource rent (despite constant MC), consumption ceases when the
choke price is reached
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Equilibrium condition 1-2: Hotelling rule

Suppose interest rate r > 0 is constant over time, and that there is
a constant cost c > 0 per unit of resource produced. Condition 1
above is called ”Hotelling rule”: it is an arbitrage condition for the
sellers.
Sell a unit today:
Pt − c
Sell next period, after ∆ > 0 units of time:

[Pt +∆ − c ]e −∆r .
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Equilibrium conditions 1-2: Hotelling rule
Indifference:
Pt − c = [Pt +∆ − c ]e −∆r

≈ [Pt +∆ − c ](1 − ∆r )
⇒

Pt + ∆ − Pt
= r (Pt +∆ − c )
∆
⇒
dPt
lim =
= r ( Pt − c )
∆ →0
dt
This is a differential equation with solution
Pt = c + [P0 − c ]e rt
We will discuss how to use this to analyze the resource-extraction
over time. See also the lecture note on ”Exhaustible resources”.
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Equilibrium conditions: Terminal price
We know that the equilibrium price must satisfy Hotelling rule.
But how high will the price grow? Recall that demand is a
relationship between quantities and prices Qt = D (Pt ) where Qt is
demand (=consumption) at time t, and D 0 (Pt ) < 0. Choke price,
P, is defined as the price at which the demand chokes off:
D (P ) = 0 for all P ≥ P. Thus, no demand for prices higher than
P. We assume that this choke price is finite. Let T be the time it
takes for price following Hotelling rule to reach P, that is,
PT = c + [P0 − c ]e rT = P.
This is the terminal price condition. It pins down the end of the
price path.
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Equilibrium conditions: Exhaustion
At which time will the price path start? How long the consumption
path lasts, that is, what is the precise value for T ? The total
consumption over time equals the amount of the resource available:
Z T
0

Qt dt = S0

This is the exhaustion condition. Since we know the demand, we
can write
Z T
0

D (Pt )dt = S0

This may look difficult, but the equilibrium is conceptually very
simple. We have three unknowns: P0 , PT , T . There are three
equations for finding these: Hotelling rule, terminal price, and
exhaustion conditions.
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Can we understand historical oil prices with this model?
Clearly not.

Source: BP statistical review of world energy
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How should the theory be modified?

& T0->t1: technological progress reducing extraction
costs dominates
& T1->t2: technological progress and scarcity rents
cancel out each other
& T2->: scarcity rent dominates. See Margaret Slade, J.
of environmental economics and management (1982).
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How to use the model in the analysis

Simple model that can be used to analyze what happens to the
equilibrium path,
• if the interest rate becomes larger?
• if the substitute becomes cheaper?
• if there is unexpected increase in the resource stock?
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The effect of the substitute: infinitely costly substitute

Rt
R3

R2

Demand

R1

MC=c

qt

q3 q2

q1

q

Consumption never stops: Price increases to make sure that we never
suddenly run out of the stock; there is no finite choke price (resource is
”essential”)
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The effect of the substitute: finitely costly substitute

Substitute’s marginal cost
RT

Demand

R1

MC=c

qT

q1

q

Substitute puts a limit on prices; the time period for resource
consumption is finite
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Takeaways from Hotelling
• Starting point: Firms optimize over time
• Storage smooths variations over time
• Exhaustible resources will be extracted until:
1. They run out
2. They become too expensive to use
3. A more efficient substitute appears

• Ideal model, one should also consider at least
-

Extraction costs (see example above)
Durability (e.g. metals)
Market structure (monopoly prices increase slower)
Uncertainty (exploration reduces prices)
General equilibrium (prices affect interest rates)
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Agenda

This time
• Dynamics, exhaustible resources
Next time
• Climate change economics
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1. Externality
2. Policy
3. Firms adapt i.e. make decisions on
a. Production/consumption
b. Investments
c. Innovations

4. Market allocates
i. Efficient use of existing resources
ii. Price signals

5. The whole economy adjusts
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Reminder: Consumption, scarcity rent, and prices

RT
R3

R2

R1

MC=c
Demand

qT=0

q3 q2

q1

q

Observe: consumption declines, scarcity rent increases, producer receives
a resource rent (despite constant MC), consumption ceases when the
choke price is reached
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New things: Supply side policies

Source: Lassi Ahlvik et al., 2022.
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How much carbon is in the ground?
Reminder from earlier lecture, Glade & Ekins (Nature, 2017):

Cost of production
(2010 US$ per million BTU)

16
14
12
10
8
6
4
2
0

1,000
2,000
3,000
4,000
5,000
Remaining ultimately recoverable resources
(billions of barrels)

6,000

Non-reserve resources

5,000
4,000
3,000

te

al

Figure 1 | Supply cost curves for
oil, gas and coal and the
combustion CO2 emissions for
these resources. a–c, Supply cost
curves for oil (a), gas (b) and
coal (c). d, The combustion CO2
emissions for these resources. Within
these resource estimates,
1,294 billion barrels of oil, 192 trillion
cubic metres of gas, 728 Gt of hard
coal, and 276 Gt of lignite are
classified as reserves globally.
These reserves would result in
2,900 Gt of CO2 if combusted
unabated. The range of carbon
budgets between 2011 and 2050 that
are approximately commensurate
with limiting the temperature rise to
2 uC (870–1,240 Gt of CO2) is also
shown. 2P, ‘proved plus probable’
reserves; BTU, British thermal units
(one BTU is equal to 1,055 J). One
zettajoule (ZJ) is equal to one
sextillion (1021) joules. Annual global
primary energy production is
approximately 0.5 ZJ.
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How to keep in the ground? Economists united:
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It is REALLY difficult to come up with a number for the level
of the tax..
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It is REALLY difficult to come up with a number for the level
of the tax..
In the U.S.

In Europe: EU ETS. But (from 16 May 2022):
“Berlin pushes for a €60 minimum price on EU carbon markets”
In China: Expansion of the carbon trading market
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Reminder: Strategic interest about!

Player Y

Player X

C

D

C

2, 2

D

4, −4

−4, 4
0, 0

• Both sides benefit if they can commit to an agreement
• Transfers can encourage compliance
• Monitoring and enforcement are real issues
• Useful to have a baseline estimate on the cost side
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Nordhaus developed an approach to finding the tax

The social cost of carbon (SCC) monetizes the damage from
releasing a ton of CO2 to the atmosphere today
I. A price for a given ”carbon budget”
• take an exogenous target warming (< 3 degrees Celsius) →
defines the carbon budget
• a model to assess the price of the budget: contributions in the
1970s

II. A description of damages
• closes the model: the temperature target and the carbon
budget depend on damages
• social cost of carbon (SCC) depends on the climate-economy
interactions
233

Understanding the climate model

1. How carbon concentration in the atmosphere depends on the
economic activity?
- Carbon emissions zt → carbon cycle between pools Lt

2. How do global temperatures, Dt , depend on the amount of
atmospheric carbon, St ?
→ Map change in emissions now zt , to change in temperatures
tomorrow, R(τ )

3. How economic activity and human welfare depend on
temperatures
- Lost ∆y in output → lost utility

Based on Gerlagh&Liski, 2018.
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1. Emissions-temperature response, illustration
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Climate science: Illustration of the temperature increase that follows from one Teraton
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of CO2 impulse. Detailed parameterization discussed below.

1. Emissions-temperature response, illustration
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Climate science: The temperature response peaks with considerable delay
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1. Emissions-temperature response, illustration
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Climate science: The temperature response has a very long tail
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Source: IPCC, AR5, WG1, Chapter 6.

238

1. Linear diffusion of carbon in the system

Lt +1
|{z}

vector of reservoirs

=

M
|{z}

diffusion matrix

Lt + b
zt
|{z} |{z}

shares emissions

239

2. Linear adjustment of temperatures

Dt +1
| {z }

impact tomorrow

=

Dt
|{z}

+push

impact today
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2. Linear adjustment of temperatures

Dt + 1
| {z }

impact tomorrow

=

Dt
|{z}

impact today

+ |{z}
ε ×(long-run push)
delay
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2. Linear adjustment of temperatures

Dt + 1
| {z }

impact tomorrow

=

Dt
|{z}

impact today

+ |{z}
ε × (πSt − Dt )
| {z }
delay

long-run push

where π measures sensitivity and St is the atmospheric carbon
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2. Solving the system:

Impact of emissions at time t on temperatures at time t + τ is
dDt +τ
= R(τ ) =
dzt

∑i ∈I ai πε

( 1 − ηi ) τ − ( 1 − ε ) τ
> 0.
ε − ηi

• π, temperature sensitivity
• ε, delay in the response
• ai , shares of emissions with differing decay rates
• ηi , decay rates
• I , number of climate system elements
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2. The key concept
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The temperature increase that follows from one Teraton of CO2 impulse 244

2. Numbers

• emission shares for depreciation factors per decade:

a = (.163, .184, .449)
η = (0, .074, .470).
• ε = .183, about 2 % adjustment speed for temperatures per
year
• π = 1.34 per TtonCO2
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3. How is the economy impacted?
Models of the economy (general equilibrium)
• Resource constraint
ct + it = yt
• Production function
yt = F (kt , lt , t )
• Capital accumulation
kt +1 = (1 − δ)kt + it
• Utility function
∞

∑ δ t u ( ct )

t =0
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3. How is the economy impacted?

Simplistic illustration: climate-change impacts total factor
productivity, TFP (Nordhaus had a more complex damage
representation)
• τ periods after the impulse, fraction of output is lost:
exp(−∆y R(τ ))
• ∆y measures how much output is lost per temperature
increase
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3. How is the economy impacted?

Illustration: log utility u (ct ) = ln(ct )
• assume that constant fraction of output is consumed:
ct = constant × yt

⇒ u (ct ) = ln(yt ) + stuff = −∆y R(t ) + stuff
• The future utility cost of climate change is captured by
−∆y R(t )

248

The optimal carbon price: the cost side

• sum over the discounted impacts, to obtain:
h = ∆y

∑ R(τ )δτ−t

τ >t

= δ∆y π

ε
1 − δ (1 − ε )

ai

∑i ∈I 1 − δ(1 − ηi )

• the total impact is stationary over time, depending on climate
system and the economic parameters (∆y , δ).
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The optimal carbon price: the benefit side
• Let emissions today be zt . Emissions increase output,
∂yt
∂zt > 0, but the future cost is h
• Set the current marginal utility of higher output equal to cost:
u 0 ( ct )

∂yt
=h
∂zt

⇒

tax =

∂yt
= constant × yt
∂zt

• above, tax equals marginal product: if firms face this tax, they
will use the input (emissions) until its marginal product equals
the tax
Optimal tax on emissions is proportional to output yt
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Illustration of Nordhaus’ tax

(Link to the source)
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Critics:

“IAM-based analysis suggests a level of knowledge and
precision that is nonexistent, and allows the modeler to
obtain almost any desired result because key inputs can
be chosen arbitrarily.”
—R. Pindyck, JEL 2013
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Critics: Alternative approach to IAMs

The Social Cost of Carbon, Risk, Distribution, Market Failures: An
alternative approach:
1. describe the likely consequences from climate change, under
current arrangements
2. examine how the economy and emissions could be managed to
give a good chance of stabilizing at different temperatures
3. combine these two elements into a judgement on an approach
to a temperature target

Stern & Stiglitz, 2021.
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Concluding remark: Climate Response to Cumulative Emissions

(Link to the source)
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The safe carbon budget

It becomes a simple exercise to analyze the budget of any given
temperature limit:

(Link to the source)
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Agenda

This week
• Exhaustible resources
• Climate change economics
Next week
• Peter Matthews!
• Consumer choices
• New technologies
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Spring 2022

Agenda

Last week
• Exhaustible resources
• Climate change
This week
• Consumer behavior
• New technologies
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Where do the consumption choices matter?

Directly: 1. Road transport and 2. Residential emissions.
Source: IPCC, AR5, Mitigation of climate change, 2014. Global emissions by sector.
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Efficient policy: Three steps for the government

1. How much to reduce emissions?
• This is cost-benefit question: marginal benefits=marginal
abatement costs

2. How to reduce emissions?
• This is instrument choice question: prices or quantities or both

3. How to deal with distribution?
• We have seen that distribution and efficiency can be separated:
monetary transfers can be made (e.g. permit allocations,
lump-sum transfers)

In what follows: we focus mostly on item 2
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How to reduce emissions: the cost to consumers

Just like with firms, consumers have ”abatement costs”
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Price incentives to consumers

Just like firms, consumers should respond to price incentives
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Cost efficiency and consumers

Just like firms, price incentives lead to cost efficiency: different
consumers will limit driving-related emissions until the marginal value of
emissions is equalized
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But policies in actuality often regulate actions of consumers

Regulations on: (i) driving, (ii) technologies, (iii) fuels. However, the
problem is the fuel-use and its pollution content → our theory tells us
that the price should be set on emissions (either tax or market price of
pollution permits)
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Automobiles: types of regulations
Globally in actual use:
1. Price instruments
• fuel or technology purchase taxes but often not
pollution-related

2. Restrictions on use
• often congestion motivated

3. Technology standards
• have led to major changes in the fleet of cars offered

4. Subsidies
• on buying or scrapping (“cash for clunkers”)

If you are in to the topic, then for a fuller treatment as a presentation, see Link, focuses on congestion but covers
much more. From ca 03:45 onwards. Not required for the course, but provides perspective.
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Price instruments: fuel taxes
Taxes vary across countries, and not pollution motivation

Source: Taxing Energy Use 2018 - OECD 2018 Database. This chart shows the fuel
taxes on gasoline and diesel in the Organization for Economic Co-operation and
Development (OECD) countries.
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Price instruments: fuel taxes
Higher taxes → better fuel-economy (correlation)
Figure 1
Transportation Fuel Consumption per Capita versus Fuel Price

Gasoline/Diesel for transportation (gallons/year/capita)
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Source: Data from Worldbank.org.
Notes: Size of the circle proportional to population. The line is the fitted value from a regression of the
log of consumption on the log of price.

Knittel, Christopher R. 2012. ”Reducing Petroleum Consumption from
Transportation.” Journal of Economic Perspectives, 26 (1): 93-118.
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Price instruments: emission-dependent purchase taxes
Does not tax pollution but polluting technologies → one should
tax the use of the car, not the technology!
Illustration: 2008 Finnish CO2 differentiation of car-tax rates on
CO2 emissions rates of new passenger cars.
• The reform makes the final price of the car to depend on its
emissions.
• The car tax reform coincided with the introduction of
mandatory EU CO2 emissions standards to manufacturers
• The Finnish reform was unique in Europe in providing strong
monetary incentives also for consumers
Read about the reform (Link to the source)
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Price instruments: emission-dependent purchase taxes

Car Tax (ensirekisteröinnin jälkeinen autovero)
at purchase / first registration
in addition to value-added tax (VAT)
Registration Tax (ajoneuvovero)
daily while car is registered
Fuel Taxes (polttoaineverot)
excise taxes (fixed amount per liter)
in addition to VAT
petrol more heavily taxed than petrol
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Price instruments: emission-dependent purchase taxes

Car Tax 2003-2007
28% of tax-inclusive retail value minus 650 Euros (450 for diesel)
Total tax rate incl. VAT: ca. 70-85%
2008 Emissions Di↵erentiation
announced November 2007, implemented January 2008
average CO2 emissions (g/km) determine car tax share
range of car tax share: 10-40%
total tax rate: 38-140%
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Price instruments: emission-dependent purchase taxes

150

125

new−car average 2004−2007

Total Tax Rate (%)

100

75

50

25
Car Tax
CO2−differentiated (2008 and later)
non−differentiated (before 2008)

0
0

50

100

150

200
CO2 (g/km)

250

300

350

400

270

Price instruments: emission-dependent purchase taxes
Standards on car technologies had much more impact on emissions
than the Finnish tax reform

(Link to the source)
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Illustration: Response to technology standards

Alternative systems for setting the standard.

Source: Ito and Sallee, The Economics of Attribute-Based Regulation: Theory and Evidence from Fuel Economy
Standards, ReStat, 2018.
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Illustration: Response to technology standards

Weight dependent fuel standard in Japan.

Source: Ito and Sallee, The Economics of Attribute-Based Regulation: Theory and Evidence from Fuel Economy
Standards, ReStat, 2018.
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Illustration: Response to technology standards

Manufacturer response: increase the weights!

Source: Ito and Sallee, The Economics of Attribute-Based Regulation: Theory and Evidence from Fuel Economy
Standards, ReStat, 2018.
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Lessons from the survey of instruments in use
Standards, subsidies, and other non-ideal instruments can have big
impact emissions
• Standards on manufacturers in particular
• But they do lead to the inefficiency explained in the beginning
of this lecture! For example, in Finland the policy target is:
- by 2030: 700 000 electric cars (up from 250 000 in 2016)
- by 2030: 130 000 gas-fueled cars (up from 50 000 in 2016)

• However: the government has no information that this
allocation is the efficient way to reach the target. If there is
price on emissions, or a quantity quota for emissions, then the
market chooses the allocation → cost-efficiency!
Why is it the governments do not trust the market instruments?
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Why governments do not trust the market instruments?

Consumer choices → choices of durables (cars, air conditioners,
heating devices, freezers,..). There is a belief and some evidence
that consumers are myopic. Used to justify significant regulations
• billions of dollars in subsidies for energy efficient durables such
as air conditioners and lightbulbs (NHTSA 2010)
• European Union: the Energy Performance of Buildings
Directive (EPBD)
• subsidy schemes for ”green cars”

Houde and Spurlock, 2016, EEEP provides further discussion on the perceived market failures.
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Do consumers respond to economic incentives?
Are consumers sensitive to the expected cost of using
energy-consuming durables?
• Automobiles: changes in fuel prices should lead to changes in
the relative value of fuel-efficient cars
• Consumers should be indifferent between spending a dollar in
present value on energy and a dollar in present value on
purchase price
• Energy durables: future energy prices should affect the
equilibrium upfront purchase price
Policies change the cost of using the technologies, and thus they
are effective only if the consumers respond to these costs.
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Illustration: heating technologies in Finland
Consumers must look far to the future to evaluate the cost of
different options

Figure 64: Present-value heating cost in heating for three technologies.
Average house, 25 years, 5 % annual discount rate
Source: Sahari, 2019. Data from 2005–2011.
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Illustration: heating technologies in Finland
• Households’ heating technology investments are highly
sensitive to energy costs.
• The elasticity of demand for electric heating technology with
respect to electricity price is estimated to range from -0.42 to
-1.56 depending on the price level.
• This implies that consumers do respond to price signals, and
instruments such as taxes can induce investment into energy
efficiency.
• Identifying the effect with the use of household level data:
choices systematically vary by individual-level characteristics.

Source: Sahari, 2019.

279

Illustration: informing car buyers
Experiment finds no effect from giving comprehensive fuel
economy information to car buyers:

Figure 65: Effects of information on fuel intensity of purchased vehicles.

Source: Allcott and Knittel, AEJ Policy, 2019.
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Energy Paradox & Energy Efficiency Gap
Energy Paradox=consumers do not pay (enough) attention to the
energy costs. The above new evidence challenges this view.
• Hausman (1979): consumers have ”defective telescopic
faculty”.
• Dubin & Hausman (1984): 15-25 per cent interest needed to
justify the choices
• explanations
•
•
•
•

Uncertainty information
Asymmetric information
Market imperfections
Inattention

If interested, there is a small model to explain the basic ideas in
the Appendix.
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Information campaign can still work:

/J

f

(

)

Fig. 1. Home energy reports: social comparison module.

Source: Social norms and energy conservation, Hunt Allcott, Journal of
Public Economics 95 (2011) 1082-1095
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Information campaign can still work:

Allcott: This paper evaluates a series of programs run by a company called OPOWER to send Home Energy Report
letters to residential utility customers comparing their electricity use to that of their neighbors. Using data from
randomized natural field experiments at 600,000 treatment and control households across the United States, I
estimate that the average program reduces energy consumption by 2.0%. The program provides additional evidence
that non-price interventions can substantially and cost effectively change consumer behavior: the effect is
equivalent to that of a short-run electricity price increase of 11 to 20%, and the cost effectiveness compares
favorably to that of traditional energy conservation programs. Perhaps because the treatment included descriptive
social norms, effects are heterogeneous: households in the highest decile of pre-treatment consumption decrease
usage by 6.3%, while consumption by the lowest decile decreases by only 0.3%.
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Illustration – Efficient policies in Finland
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Illustration – Efficient policies in Finland
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Recap: three steps for the government

1. How much to reduce emissions?
• Balance across sectors: what part to assign to consumers and
what to the industry?

2. How to reduce emissions?
• Recent evidence supports increased reliance on (the right kind
of) price or quantity instruments.
• Sometimes additional measures, such as information
interventions, may be motivated. Sometimes they add little.

3. How to deal with distribution?
• Optimally use efficient instrument to solve the externality, deal
with distributional concerns through other means.
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Appendix

A simple model to fix ideas
• Ui (x ), utility from energy service (temperature,
transportation, etc.) for individual i
• p, price of energy (fuel, electricity)
• e, measure of energy consumption (kWh/m2 in heating, miles
per gallon, etc).
The consumer’s problem is to choose how much to consume:
Vi (e ) = max[Ui (x ) − p · e · x ]
x

Naturally, the value is greater, the better is energy efficiency:
Vi (e1 ) > Vi (e0 )
where e0 > e1 .
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The investment in energy efficiency:

• c, one-time cost of upgrading the technology from e0 to e1
• 1 + r , gross return requirement
Invest if and only if:

[Vi (e1 ) − Vi (e0 )]/(1 + r ) > c
Note:
• a better technology can lead to more consumption, i.e., x may
increase: rebound effect
• we can do similar analysis for price changes
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Distortions: unawareness, imperfect information

• γ > 1, a measure of imperfection
The consumer may not be able to evaluate gains, and thus

[Vi (γe1 ) − Vi (e0 )]/(1 + r ) < c
even though for γ = 1, the investment would pay off.
• the consumer may not understand the technology..
• ..or may not be able to evaluate costs of using it..
• ..or may not pay attention
• If so, what are the policy options? See next page.
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Uncertainty
Consider that it is not known with certainty how much the new
technology saves, for example, because the cost of using is
uncertain. Savings can be low or high, ViL (e1 ) < ViH (e1 ). High
with prob. π and low with prob. 1 − π. Assume that it makes
sense to invest using expected values but not if the value is known
to be low:

[πViH (e1 ) + (1 − π )ViL (e1 ) − Vi (e0 )]/(1 + r ) > c
[ViL (e1 ) − Vi (e0 )]/(1 + r ) < c

Investment today: must be based on expected values.
Wait-and-see strategy: invest in the future after learning the true
value. Can you see when precisely it makes sense for the consumer
to wait and why? Note that this option value of waiting shows in
behavior as if the consumer is inattentive but this is not at all the
case!
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Distortions: credit constraints
• ri > r , individual’s interest rate may differ from the market
rate
The following defines the implicit discount rate used:

[Vi (e1 ) − Vi (e0 )]/(1 + ri ) = c
• We do not observe individual’s ri but can use above equation
to infer discount rates that justify observed investments.
• Again, recent evidence from research concludes that the
discount rates are reasonable.
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Stepping stones

1. Externality
2. Policy
3. Firms adapt i.e. make decisions on
a. Production/consumption
b. Investments
c. Innovations

4. Market allocates
i. Efficient use of existing resources
ii. Price signals

5. The whole economy adjusts
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From markets to innovations

Final steps: Development of new technologies
1. Technologies are global, but markets local. How do the local
conditions shape the incentives for new technologies?
2. Why and how should the R&D efforts be subsidized?
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1. How the markets shape the incentives for new technologies?

Empirical question:
• Evidence: the entry of new technologies have impacted
emissions and also other, mostly economic, outcomes in
different countries and regions worldwide.
• Scattered picture of localized impacts, not yet allowing us to
draw many general lessons that have global applicability.
• How does energy transition depend on incumbent
technologies?
See also the Appendix for an illustration of a “demand flexibility”
technology in different locations around the world.
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Illustration: Local benefits/damages from electric vehicles

Figure 66: Second-best electric vehicle subsidy by county.
Holland et al. AER, 2016.
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Illustration: Local benefits/damages of demand response

Estimate of percentage change in emissions from shifting 1% of the
average load from the highest-load day to the lowest-load day.

Source: Holland and Mansur, ReStat, 2008.
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Illustration: Effects of energy efficiency and renewables

Marginal emission displacement rates.

Source: Callaway, Fowlie, McCormick, JAERE, 2018.
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Illustration: Regional benefits from wind
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Figure 67: Wind vs. demand, Texas (left panel) vs. Nordic (right panel).

Texas from Cullen, AEJ Policy 2013.
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2. Why and how should the R&D efforts be subsidized?

• Markets can only adopt technologies that are available.
• If left to the market, there is too little R&D.
• If left to the market, private R&D efforts are directed to areas
where the payoffs are the greatest.
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Too little R&D

Figure 68: The costs and rents associated with innovations.

Source: CORE.
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Illustration: Change of fortunes for PV manufacturers

Figure 69: Global shares of PV production.

Source: Quitzow, 2015.
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2. Why and how should the R&D efforts be subsidized?

Simple model to illustrate the dynamics:
• Two sector model with “clean” and “dirty” inputs with two
key externalities:
1. Environmental externality: production of dirty inputs creates
environmental damages.
2. Knowledge externality: advances in dirty (clean) inputs make
their future use more profitable.

• Policy interventions can redirect technological change towards
clean technologies.

Source: Acemoglu.
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Balance of play

Figure: Climate Policy Initiative.
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2. Why and how should the R&D efforts be subsidized?
• Without intervention, innovations more in dirty technologies.
• With R&D intervention, possible to push clean technologies to
the front (e.g. wind, solar).
- Changes the direction of private innovation later.

• Optimal to use a combination of two instruments:
- Carbon tax, as before.
- Subsidy to clean R&D.

• Intuition:
- Carbon tax generates static distortion: Leads to reallocation
into less productive technology → Loss of current
consumption.
- R&D subsidy generates dynamic distortion: innovate without
any growth for a while until clean takes over.
Source: Acemoglu.
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Illustration: Impact of shale gas boom on R&D

Figure 70: Increasing in shale gas production in the U.S.

Source: Acemoglu et al., 2019.
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Illustration: Impact of shale gas boom on R&D

Figure 71: Reduction in the share of renewable patents.

Source: Acemoglu et al., 2019.
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Role innovations in optimal policies

• How to reduce damages from externalities?
- This is instrument choice question: prices or quantities or both

• Internalizing the externality to the market causes the market
equilibrium to adjust:
1. Allocation with current assets will change: Both firms and
consumers can adjust.
2. Changes in prices direct investments, will change asset base.
3. Innovations will shape the available investments.

• Optimal policies take in to account all the steps.
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Stepping stones

1. Externality
2. Policy
3. Firms adapt i.e. make decisions on
a. Production/consumption
b. Investments
c. Innovations

4. Market allocates
i. Efficient use of existing resources
ii. Price signals

5. The whole economy adjusts
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My thoughts on the course

• Tough year: safer for us here, new worries for the Planet
• Tough course: no shortcuts, long hours for many
• Interaction in class great! But
- Asynchronous discussions not optimal
- Hybrid sessions a challenge (esp. for online people)
- But: a tough year

• My plans for the coming years:
- Clearer separation of concepts (video) and discussion (live)
- A book or a concise set of lecture notes
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Appendix

Illustration: Investments to consumer side technologies

“

The law of supply and demand works well
with much of the world’s commerce. Why not
apply this law to consumer purchases of electricity? Improbable though this may seem,
extensive advances in computation and communication could allow a modified supplyand-demand electrical system to become operational in a few years. –Schweppe et al.
(1982)

”
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New technologies can change the equilibrium

Figure 72: Fish prices and mobile phone service in Kerala.
Robert Jensen (2007)
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A puzzle: If fish, why not electricity?

Price, EUR/MWh
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2017−02−06

2017−02−13
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2017−02−27

Figure 73: Nordic electricity prices in February 2017.
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Reminder: Three markets with distinct capacities

California

Nordic

Spain

Electricity generation
Solar
Wind
Hydro

TWh
%
%
%

216.7
16 %
6%
20 %

411.4
0.2 %
10 %
54 %

275.6
5%
18 %
8%

Wholesale market value
Residential electricity tariff

billion $/e
c/kWh

7.7
19.65

12.1
20.85

14.4
23.83

Number of households
Share of smart meters

million
%

14.7
85

11.8
80

18.3
91

Table 6: Summary statistics for the markets in 2017 (Eurostat, EIA).
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Plan: Replicate market outcomes with actual bid data

Price USD or EUR/MWh

California

Nordic

Spain

100

100

100
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75

75
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50
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0
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0
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Quantity, GW

Figure 74: Demand and supply bid curves for noon 3 Apr 2017.

• In total 160+ million bids from California, the Nordic market
and Spain from the years 2002–2018.
• Each bid consists of a price and quantity pair for one hour.
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Counterfactuals: Add flexibility to the model
Surplus maximization, several hours:
"
max ∑
di ,sj

∑ pi di − ∑ pj sj

t

i

#

j

s.t. dt = ∑ di ,

0 ≤ di ≤ Qi , ∀i,

st = ∑ sj ,

0 ≤ sj ≤ Qj , ∀j.

i

j

We relax the balance constraint with a possibility to “trade”
between the hours with some capacity limit ȳ :
dt − st = yt ,

−ȳ ≤ yt ≤ ȳ ,

∑ yt = 0.

∀t,

∀t,

t
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Reminder: Added flexibility. it’s like trade

Price EUR/MWh

Nord Pool: Wed 08 Feb 2017, hour 03

Nord Pool: Wed 08 Feb 2017, hour 18

60

60

40

40

20

20

0

0
0

20

40

Quantity, GW

60

0

20

40

60

Quantity, GW

Figure 75: Buy cheap (left), sell dear (right) – But prices converge!
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Figure 76: Example of a “smart” ground heat pump.
Source: Nibe
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Private arbirage gains over time: Small on average
California
0.3
0.2
0.1

Daily payoff, USD/EUR

0.0
Nordic
0.3
0.2
0.1
0.0
Spain
0.3
0.2
0.1
0.0
2017−01−01

2017−04−01

2017−07−01

2017−10−01

Figure 77: Daily profit per household across three markets.
Source: Liski & Vehviläinen, 2020.
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Private gains: Little money on the table
Table 7: The sum of arbitrage gains over the year in million U.S. dollar
or euro, not including any investment costs or efficiency losses with 1 GW
of flexibility (ca. 1 million households).

2011
2012
2013
2014
2015
2016
2017
2018

California

Nordic

Spain

16.2
15.6
23.8
30.2

11.5
12.4
11.4
10.7
10.0
11.2
8.6
13.7

27.1
36.6
43.6
37.8
33.3
23.6
26.5
24.9

E.g. in California in 2017 the gain would be 23.8 USD per kW.
Source: Liski & Vehviläinen, 2020.
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Increase of flexibility: Arbitrage gains disapper

Figure 78: The sum of arbitrage gain over the year 2017 by market area
as the capacity of the flexible technology increases.
Source: Liski & Vehviläinen, 2020.
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But consumer surplus can increase: the Nordic market

million USD

300
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Figure 79: Daily gain/loss for all consumers (bars) with 1 GW of
flexibility and a cumulative sum over the year 2017 (line) in the Nordic
market.
Source: Liski & Vehviläinen, 2020.
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Or consumer surplus can decrease: California
5

million USD
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Figure 80: Daily gain/loss for all consumers (bars) with 1 GW of
flexibility and a cumulative sum over the year 2017 (line) in California.
Source: Liski & Vehviläinen, 2020.
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What explains the differences between the markets?

Convexity of supply
• Compressing load realizations with convex supply: consumers
benefit
• The Nordic case!
Concavity of supply
• Doing the same with concave supply: producers benefit
• Spring in California!
Spain somewhere in between.
Borenstein and Holland (2005) show this in a theoretical setting. Also, cf. with Bulow and Klemperer (2012).
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New technologies can change the equilibrium

Figure 81: How consumers may end worse off from storage.

Source: Liski & Vehviläinen, 2020.
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Concave case: Taming the duck in California
Wed, 28 Mar 2018
30

Price, USDMWh

Actual
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Figure 82: The duck: Hourly prices in California for one sunny day in
2018.

Source: Liski & Vehviläinen, 2020.
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Learnings from the illustration

• Reducing frictions in our experiment adds little to market
efficiency or the investors’ chests.
• Changes in equilibrium cause shifts between producer and
consumer surplus.
– Short-term changes shape the long-run investments.
– Incentives to innovate.

• The efficiency improving technologies can be complements or
substitutes to the incumbent technologies.
– Motivation for policy, but also strategic actions.
– Variation across markets – need to understand this better.
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