
Lecture notes on electricity markets

Iivo Vehviläinen
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1 Introduction

These notes explain how the market equilib-
rium in the day-ahead electricity markets is
solved and what are some of the key drivers
for equilibrium outcomes. After a brief de-
scription of the market institutions, we start
with the perfect market ideal: how to interpret
the way in which market equilibrium is solved
in terms of surplus maximization in perfectly
competitive markets. Examples from Califor-
nia, the Nordic area, and Spain are used to il-
lustrate the similarities and differences in the
institutional set-up and the way in which the
available generation capacities affect the mar-
ket outcomes. This note builds on the gen-
eral economics overview of electricity markets
given in Green (2005), but we start from a
different angle.

2 Market institutions

The wholesale electricity trade is set up in a
fundamentally similar manner in most regions
where electricity markets have been opened for
competition. A market operator arranges a
day-ahead uniform price auction for each hour
of the following day to match demand and
supply bids of generators and retailers1. The
technical requirements for keeping the lights
on require also a more real-time matching of
supply with demand, but the wholesale day-
ahead trade is still economically an order of
magnitude more valuable.

Consumers’ electricity demand is served
by the retail companies who set the tariffs

1The origins of electricity markets are set by the
definitive Schweppe et al. (1988).

to their customers. Traditionally these tariffs
have been based on average consumption over
time spans dependent on how often the meter
has been read, but with smart meters the mea-
surements are taken hourly or even more fre-
quently; enabling dynamic pricing and incen-
tives for more flexible consumption patterns.

In the course examples we will focus on
three regions, California, the Nordic market,
and Spain, so a brief introduction to the mar-
kets is given here. Although we aim for more
general understanding of connection between
the economics and the environment, these
electricity markets provide a rich environment
and an important industrial sector on their
own to warrant closer scrutiny.

In each of the regions, the day-ahead mar-
kets for electricity are well-established; they
have been in place already for around two
decades. Although the markets are of simi-
lar size, the mix of production technologies,
and resulting wholesale market environments
differ. The Nordic market has the largest con-
sumption because of the large energy inten-
sive industry sector and the wide-spread use
of electric heating. The high share of low-cost
renewables and nuclear lead to low wholesale
prices. Of note is the role of hydro power in the
Nordic region; with over half of the total gen-
eration, hydro power gives a significant source
of flexibility in the supply side. In Califor-
nia, lower natural gas prices keep the whole-
sale market prices lower compared to Spain,
where the wholesale prices and euro value of
the market is higher. In all regions, the retail
prices facing consumers are many times higher
than the wholesale prices, the large gap is ex-
plained by distribution and transmission costs,
taxes (including VAT) and levies, and margins
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for the retailers.
Table 1 provides a snapshot of the com-

mon characteristics of markets in California,
Nordics, and Spain. The markets are in the
same ballpark in size, with wholesale mar-
ket value between 8 to 14 billion U.S. dol-
lars/euros and electricity generation between
206 and 397 TWh per year. All markets have
integrated an over time increasing share of
solar and wind production, with the current
share of intermittent renewable electricity gen-
eration between 10 % to 20 % of the total
annual generation. On the demand side, the
number of households ranges from 12 to 18
million, with over 80 % share of “smart me-
ters” that allow for hourly measurement of
consumption and prices. Metering as such
does not lead to elastic consumer demand,
as households’ consumption and storage tech-
nologies do not change overnight. So far, there
is limited evidence of significant changes in
elasticity of demand in these markets.

The markets do differ in several techni-
calities relating e.g. to the real-time mainte-
nance of system operation, the control of mar-
ket power in the bidding process, the way in
which the location of the bids is accounted
for, and the acceptance of more complex bid
structures, some of which is described in the
Appendix. We can safely abstract away from
most of such technicalities, they are not essen-
tial for the purposes of this course.

3 Competitive equilibrium

In the following, we will go through an equiv-
alent of the market clearing routines operated
by the power exchanges, for example the mar-
ket operators in California, the Nordic mar-
ket, and Spain, to compute market equilibria.
The purpose is to make exact the motivation of
setting up the market institutions in the way
they are. The exchanges themselves make the
claim that the “The price formation process is
therefore economically effective for society.”2

Is there any warrant for such claims?

2A quote from Nord Pool website.

First, let’s assume that we have a group
of individuals interested in buying electricity.
Label these individuals with i = 1, 2, . . . , ni.
Each of the buyers can submit a one purchase
bid. A bid consists of the maximum price
buyer i is willing to pay, pi, and the maximum
quantity the buyer is willing to purchase, qi.
Similarly, on the supply side, take a group of
sellers, j = 1, 2, . . . , nj . A sales bid consists
of the minimum price seller j wants get to sell
the good, pj , and the maximum quantity the
seller is willing to sell, qj .

Given such bids, the following suffices for
(P ∗, Q∗) to be a competitive equilibrium:

- All buyers whose valuation is higher
than the market price P ∗ purchase the
good. All buyers whose valuation is
lower than the market price do not.

- All sellers whose cost is lower than the
market price P ∗ sell the good. All sellers
whose cost is higher do not.

- The amount of the goods sold equals the
amount of the goods bought (Q∗).

If we further assume that the bids that the
market participants submit are based on their
true valuations for the good on the demand
side and the true marginal costs on the sup-
ply side, then the market equilibrium will be
perfectly competitive.

In a day-ahead electricity market setup,
given a set of demand bids, (pi, qi)i∈Dt , and
a set of supply bids, (pj , qj)j∈St , for any given
hour t, we can solve the following optimization
problem hour-by-hour:

max
di,sj

∑
i∈Dt

pidi −
∑
j∈St

pjsj (OP)

s.t. dt =
∑
i

di, 0 ≤ di ≤ qi, i ∈ Dt

st =
∑
j

sj , 0 ≤ sj ≤ qj , j ∈ St,

dt − st = 0.

where di and sj are the quantities of ac-
cepted bids, and dt and st are sums over the
cleared bids. The market price P ∗ is given as
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Table 1: Summary statistics

California Nordic Spain

Electricity generation TWh 216.7 397.4 264.4
Solar TWh 33.7 0.9 13.1
Wind TWh 14.0 33.4 47.7
Hydro TWh 43.1 222.5 42.6

Wholesale market value billion $/€ 8.1 11.7 13.8
Wholesale market price c/kWh 3.76 2.94 5.22
Residential electricity tariff c/kWh 19.65 20.85 23.83

Number of households million 14.7 11.8 18.3
Share of smart meters % 85 80 91

Notes: Summary statistics for the markets in 2017. Sources: EuroStat, EIA.

the shadow price of the balance constraint of
supply meeting demand. One way to think
of this is that both increasing the demand
slightly or decreasing the supply slightly give
the same benefit in the maximization problem,
i.e. the balance constraint is binding where the
marginal value of increasing demand matches
the marginal value of decreasing supply.

How does this optimization problem relate
to the conditions of the competitive equilib-
rium? Proof that an optimal solution to (OP)
fulfills the competitive equilibrium conditions
is e.g. by contradiction, an outline is as fol-
lows: Suppose P ∗ is the market price from the
solution of the optimization problem. Now, if
there is a buyer i, whose valuation is higher
than P ∗ but does not receive the good, i.e.
di = 0, then you can find a seller with a cost
pj at or just above P ∗ who can serve at least
a small part of that load. But if that is pos-
sible, then the value of the objective function
increases, contradicting the claim of optimal-
ity. Similar argument applies for the supply.
Finally, the balance constraint will guaran-
tee that the third condition of a competitive
equilibrium is fulfilled in any feasible solution.
Proof of equivalence to the other direction is
left as an exercise.3

We can now proceed after having estab-
lished that the market price P ∗ that re-
sults from the optimization problem (OP) in-

3Note that in general there needs also to be a tie-
breaking rule e.g. to resolve situations where many bid-
ders have equal prices, this is not important for the
conceptual insights.

deed fulfills the competitive market equilib-
rium conditions. Given the price P ∗, we can
reformulate the objective function in the max-
imization problem (OP) as follows

max
di,sj

∑
i

pidi −
∑
j

pjsj

⇔max
di,sj

∑
i

pidi − P ∗dt + P ∗st −
∑
j

pjsj

⇔max
di,sj

∑
i

pidi −
∑
i

P ∗di +
∑
j

P ∗sj −
∑
j

pjsj

⇔max
di,sj

∑
i

(pi − P ∗)di +
∑
j

(P ∗ − pj)sj

Here we again use the fact that dt = st. But
now the last formulation is exactly equivalent
to the surplus maximization. The first sum
is by definition consumer surplus and the last
sum is by definition the producer surplus.

So indeed, based on such theoretical argu-
ment, the electricity market equilibrium cal-
culation can be said to be good for the soci-
ety. This is an idea dating back to Samuel-
son (1952): the equilibrium conditions of a
competitive partial equilibrium are equivalent
to the maximization of consumers’ and pro-
ducers’ surplus, given the constraint of supply
meeting demand4. This observation is the ba-
sis of electricity market price computation in
exchanges all over the world (see e.g. Hogan,
2014).

4We slightly misuse the terminology. Of course, the
actual tariffs paid by the consumers will be greater as
they include all the taxes, levies, and grid charges, and
the retailer’s margin that are ignored here.
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4 Perfect competition

Everything in the previous section works day
to day in dozens of electricity markets around
the world. Obviously this does not mean that
the markets are perfectly competitive. The
key assumption needed is that the bidders
would actually submit their bids freely on the
basis of their actual valuations. We also need
to assume that there are no other distortions.

Strategic behavior

Any deviation from perfectly competitive bid-
ding behavior means that we can no longer
guarantee that the objective function is max-
imizing the consumer and producer surplus.
For example, take a perfectly competitive mar-
ket equilibrium (P ∗, Q∗). Now if a supplier
bids a generation unit that has a lower cost
than P ∗ with some P ∗ + m, where m is cho-
sen so that in the resulting new equilibrium
market quantity Q′ is lower than Q∗, then the
resulting allocation is no longer societally effi-
cient.

We will not discuss the implications of
strategic behavior in any great detail. While
such considerations are important from the
point of view of competition authorities, our
focus in this course is going to be more on
the externalities that the trade in one market
causes to the environment.

Price caps and floors

In all electricity markets, prices are capped
from above and there is a price floor that limits
how low the prices can go. This is in part done
to limit the incentives for strategic behavior. If
all units are called into operation, the demand
may exceed the capacity, and firms can ask
very high prices (see Green, 2005). Capping
the maximum market price limits the prof-
its. Firm may also strategically manipulate
the available capacity to be offered, and a price
cap limits these incentives.

However, setting up price limits is in itself
a deviation from the assumptions of free com-
petition and may distort the market outcomes.

In particular a price cap can limit the scarcity
rents that a generation plant otherwise would
get from the market. This leads to “missing
money” problem: the market prices do not
give enough support for new investments, po-
tentially endangering security of supply and
transition to the clean energy system. Because
of such concerns almost all markets have some
additional capacity mechanisms in place to en-
sure that sufficient capacity is in place to cover
all demand levels (Fabra, 2018 provides a com-
prehensive and accessible overview).

Subsidies

Also any subsidies, for example to renewable
energy, will distort the market outcomes. For
example, start again with a perfectly compet-
itive market equilibrium (P ∗, Q∗). Now take
a supplier who has a generation unit with a
higher cost than the market price, pj > P ∗,
but the unit receives a subsidy s so that the
supplier can submit a bid pj − s < P ∗. All
else equal, such subsidy will mean that either
the new equilibrium price is lower, leading to
too much consumption, or that a more effi-
cient power plant is superseded by the subsi-
dized plant, or both. In any case, the resulting
allocation is no longer societally efficient.

5 Analytical tools

Electricity markets are a rare example where
the bids from market participants are collected
in a way that supports a micro founded anal-
ysis of the market equilibria. Often there is
less data available and almost always when
going through the theory it is useful to use
approximations for the shapes of the supply
and demand curves, although the results will
often apply in much more generality. For ex-
ample, we will be using a linear demand func-
tions of the type QD(P ) = a− bP and supply
QS(P ) = c + dP .
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6 Further readings

The economics of electricity markets are ex-
pressed in a way that makes sense in e.g. Wil-
son (2002) or Green (2005). For the purposes
of a basic course such as this one, the more
recent work tends to go in to too much detail
and provide little explanation of what now is
seen as established groundwork. Some excep-
tions can certainly be found. For example nice
exposition for some historical perspective from
the U.S. is found in Borenstein and Bushnell
(2015).

We will certainly have more material for
the more in-depth topics later on in the course.

Exercises (voluntary!)

1. Take the linear demand, QD(P ) = a−bP
and supply QS(P ) = c + dP equations.
Solve the the market equilibrium price.

2. Draw a supply–demand equilibrium for
some good. How can you use your draw-
ing to motivate the fact that the shadow
price of the balance constraint gives the
market price.

3. Take the conditions for a competitive
equilibrium. Derive the maximization
problem (OP) that is used to solve the
market equilibrium from those condi-
tions.

4. How would one include transmission
constraints between different zones or
nodes to the optimization problem
(OP)? (Samuelson’s original question
was actually about international trade!)
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A Examples of institutions

California

In all power markets, in addition to matching
demand with supply, system operators need
ancillary services to secure sufficient system
reservers for various contingencies at all times.
The electricity markets in the U.S. are orga-
nized typically around centralized dispatching
of generation assets. This means that the mar-
ket operator collects bids from the market par-
ticipants and then optimizes the use of the
generation fleet to meet the load.

As a prime example of an U.S. system,
CAISO in California organizes the procure-
ment of ancillary services simultaneously with
the clearing of the energy markets. Each bid-
der in CAISO can offer the same resource to
the day-ahead energy market and the ancil-
lary services markets at the same time. The
computation algorithm employed by the oper-
ator will then allocate the resources to vari-
ous markets in the Integrated Forward Mar-
ket so that the total welfare is maximized
given the relevant system security and feasi-
bility constraints5. As a result, each bidder
is awarded the schedule that maximizes the
value of their bids in all markets, again sub-
ject to the system-wide constraints.

The main ancillary service market types in
CAISO are: Regulation Up, Regulation Down,
Spinning Reserve and Non-Spinning Reserve.
Because the system reserves must be available
in the case they are needed, the same resource
can commit only to one market at the same
time. If a resource is committed to any of the
ancillary services, then the same resource is
not included in the energy market bidding6.

In addition to the possibility of bidding to
several markets, generators can bid alternative
schedules to the energy market. For example,
a plant can be offered for the whole day at full
capacity if it receives a certain price in one

5The model (OP) is a simplified version.
6CAISO applies slightly more accurate method

where the same resources can be partially allocated to
different markets as long as the capacity of the resource
in total is not exceeded.

schedule or, alternatively, the same plant can
be offered only for the peak hours but with
a higher bid price. Again, the algorithm by
CAISO chooses the schedule that maximizes
welfare given the system constraints.

In CAISO bids are submitted to nodes: a
locational marginal price is calculated for each
of the around 3,000 nodes for each hour taking
into account the transmission constraints be-
tween the nodes. The nodal system in the U.S.
is much more granular than the zonal system
in use in Europe. The likely historical expla-
nation is that the electricity grid in the rela-
tively sparsely populated U.S. has been much
weaker than the grid in Europe. A more re-
fined market model will result in prices reflect-
ing the transmission costs between the nodes,
giving the market parties more refined signals
for investments.

Finally, CAISO offers a variety of different
bidding options. The participants can bid eco-
nomic bids, i.e. price–quantity pairs, or they
can choose to self-schedule in which case there
is no price attached to the quantity. In addi-
tion to the physical bids described above, mar-
ket participants can submit financial conver-
gence bids, often called as virtual bids. They
are included in the determination of the day-
ahead market prices in the integrated market
price calculation.
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Figure 1: Bid curves for four hours during a day in Cali-
fornia.

Nord Pool

In the Nordic day-ahead electricity markets,
the market operator, Nord Pool, runs an en-
ergy only exchange where hourly supply and
demand bids are matched. The bids in the
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Nordic area are geographically attached to one
of the 12 price areas7. Nord Pool carries out
two separate rounds of matching: One for each
price area and another for a system-wide ref-
erence price, the system price. In the system
price calculation all bids from all price areas,
regardless of their location, are combined to a
single supply curve and single demand curve
that are matched. The data for the area price
calculations is not available nor is information
on individual bidders, but Nord Pool does re-
port the demand and supply curves that are
used in the system price calculation.

In addition to the simple bids for one hour,
market participants have the possibility to of-
fer block bids that combine a fixed quantity
and price over a period of several hours (for
the reasons discussed above). The sum of
the quantities of the accepted block bids on
both sides of the market is reported by the
exchange. In addition, Nord Pool reports the
total net flow from the surrounding regions
through transmission interconnections (inter-
ties).
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Figure 2: Bid curves for four hours during a day in the
Nordic market.

Spain

The logic of European day-ahead electricity
markets is mostly unified, and even the market
clearing is done simultaneous with the same
clearing algorithm (EUPHEMIA) for 25 coun-
tries. But like in Nord Pool, the Spanish mar-
ket operator, OMIE, has special rules to ac-
count for e.g. ramping-up and down restric-
tions.

7In the Nordic countries in 2019.
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Figure 3: Bid curves for four hours during a day in Spain.
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