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Before to start...

Acknowledgments are due to:

all involved in the organization

all speakers who will kindly contribute to that course

the audience (in advance) for good discussion!
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Important consideration

What is the largest uncertainty, with highest potential impact?

Regulatory (/economic) uncertainty is out of the scope of this week’s course

However, some of the modelling ideas could actually be used to accommodate it...
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Outline

About the people hosting you...

An introduction to electricity markets

Historical perspective
Markets and products
Timeline
Challenges ahead of us...

Uncertainties

From traditional to new uncertainties
Weather and people

What to do about it?

Accept and model uncertainties
Account for it in decision-making (optimization under uncertainty)
Introduce game-theoretical concepts
Example of offering in electricity markets

A few interesting problems... time allowing
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1 About the people hosting you
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Center for Electric Power and Energy (CEE, at DTU)

Established 15 August 2012 as a merger of existing units (Lyngby + Risø)

One of the strongest university centers in Europe with approx. 100 employees
A single, clear interface for our external collaboration partners
Provides cutting-edge research, education and innovation in the field of electric power
and energy to meet the future needs of society regarding a reliable, cost efficient and
environmentally friendly energy system

Bachelor and Master programs: Electrical Engineering, Wind Energy, Sustainable
Energy

Main competences:

Components
Power systems
Distributed energy resources
Market modeling,
forecasting and optimization

Center agreement (i.e., direct support): Energinet.dk, Siemens, DONG Energy,
Danfoss

DTU ranked world 2nd in Energy Science and Engineering(!)
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Who are we? - The Energy Analytics & Markets group

One of the 5 groups of the Center for Electric Power and Energy,
Dpt. of Electrical Engineering

Resources: (>10 nationalities)

Faculty: 1 Prof, 2 Assist. Profs.

Junior: 3 post-doc fellows, 12 Ph.D. students
(+1 others not at DTU Elektro), 2-3 research
assistants

+ student helpers, and Ph.D. guests from,
e.g., China, Brazil, US, Spain, France, Italy,
The Netherlands, Germany, etc.

Projects (active in 2017):

EU: BestPaths
Danish: 5s, EcoGrid 2.0, CITIES, EnergyLab
Nordhavn, EnergyBlock, The Energy
Collective
Danish-Chinese: PROAIN
etc.

Education: Various courses on analytics,
forecasting, renewables and electricity markets
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What we really do...

Energy Analytics
& Markets

Data-driven
analytics

Forecasting
Clustering
& Profiling

Big data

Energy markets

Design

Uncertainty,
variability

& flexibility

Offering
strategy

& tradingModelling &
Simulation

System models
& Optimization

Stochastic
optimization

Equilibrium
models

Large-scale
optimization

Open dis-
semination

Open-source
software

Open access
datasets

Open courses
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2 An introduction (very brief) to electricity markets
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A historical perspective

1980s First ideas for liberalization of the electricity sector, and introduc-
tion of electricity market concepts in Chile (the “Chicago boys”)

1990 UK privatizes the electricity supplied industry (Margaret Thatcher)
- to be followed by other Commonwealth member countries

1991 Beginning of deregulation in Scandinavia... (to be further detailed)

1996 Deregulation in California
2000-2001 California electricity crisis!

In short: shortage of electricity supply, rise in prices, multiple black-
outs, state of emergency, bankruptcies, investigation on Enron’s
role

2017 Major players announced a large-scale p2p trading experiment
(May 29th)

[More on the California electricity crisis:

Sweeney JS (2002). The California electricity crisis: Lessons for the future. The Bridge 32(2):23–31 (pdf)
Schwartz P (2012). California Energy Crisis. Energy, Society, and the Environment, Cal Poly, US (video - 12’00 mins)
Friedman LS (2009). The long and the short of it: Californias electricity crisis. International Journal of Public Policy 4(1-2):4–31 (pdf, for those really
motivated!) ] 12 / 62

http://en.wikipedia.org/wiki/Chicago_Boys
http://pierrepinson.com/31761/Literature/sweeney2002.pdf
https://www.youtube.com/watch?v=SC5mAZg2SN4
http://pierrepinson.com/31761/Literature/friedman2009.pdf


Closer to us... A history of Nord Pool

1991 Deregulation of the Norwegian electricity market
1996 Norwegian-Swedish exchange called Nord Pool
1998 Finland and Western Denmark step in
2000 Eastern Denmark’s turn to join

2002 Nord Pool Spot established as a new and separate entity

2009 Market coupling between Scandinavia and Germany
2009 Negative price floor accepted

2013 All Baltic countries have joined Nord Pool
(Estonia-2010, Lithuania-2012, Latvia-2013)

[More on the history of Nord Pool: NASDAQ OMX - Our history]

13 / 62

http://www.nasdaqomx.com/transactions/markets/commodities/whoweare/ourhistory


Different types of markets

Markets

Capacity

Energy

Ancillary
ervices

Capacity: for the system operator to

ensure that sufficient generation

capacity is present for reliable system

operation in future years and at

competitive prices

Energy: central place for the optimal

scheduling and settlement of energy

exchanges

Ancillary service: any type of service

that supports power system operations,

directly bought by the system operator,

e.g.

Primary reserves
Secondary reserves
Tertiary reserves (also called manual)
Black-start capability, short-circuit
power, reactive reserves and voltage
control

Most of our focus will be on energy and ancillary services!
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Energy markets and their purpose

Day-ahead

Futures

Intra-day

Balancing

Futures markets: financial contracts with

time horizon up to six years - used for price

hedging and risk management.

Ex: Nasdaq OMX Commodities for Scandinavia

Day-ahead: seen today as the central

instrument for everyday matching of

electricity supplies and offers.

Ex: Nord Pool Elspot for Scandinavia

Intra-day: continuous trading platform,

between day-ahead and balancing, allowing

to correct original schedules (e.g., in case

of plant outages or changes in wind power

generation).

Ex: Nord Pool Elbas for Scandinavia

Balancing: close to real-time operation,

for the system operator to ensure power

system balance.

Ex: Energinet.dk in Denmark
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Parallel between energy and ancillary services
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The merit-order effect

courtesy of Tryggvi Jónsson

On the day-ahead market, wind acts as a stochastic driver since having the lowest short-run
marginal cost, with quantities based on forecasts (13-37 hours ahead)
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The mean impact on day-ahead prices

The mean day-ahead price as a function of wind power penetration forecasts and hour of
the day (2007 Nord Pool data for Western Denmark)

Jónsson T, Pinson P, Madsen H (2010). On the market impact of wind energy forecasts. Energy Economics 32: 313-320
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2 Uncertainties...
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Uncertainties in operations

A “traditional” view...

System’s state Asset’s reliability

[reproduced from B. Liu et al. (2015)]

Load uncertainty

New uncertainties are appearing (e.g., weather and climate, humans in the loop)

Relative importance and interdependences are becoming more complex
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Electrification is a good thing, right?

A French example...

|
5

Since 1974: 63 GW of installed
nuclear capacity (58 reactors)

Electric heating: 36% of residential
electricity consumption

2001-2011: electric heating for more
than 60% of new residential housing

Temperature lowering by 1oC =
Demand increasing by 2.3 GW!

Electric load is increasingly coupled to (uncertain) weather and climate
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Deploying renewable energy generation capacities

Total (wind, end 2015): 147 GW (source: European Wind Energy Association) - now around 154 GW

Electric power generation is increasingly coupled to (uncertain) weather and climate
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The big picture

Considering all weather uncertainties on the (continental) European power system...

Coal
Fuel Oil
Hydro
Lignite

Natural Gas
Nuclear
Unknown
Coal

Fuel Oil
Hydro
Lignite

Natural Gas
Nuclear
Unknown

RE-Europe dataset, available at zenodo.org
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The whole picture...

With increasing overall coupling of electric power infrastructures to weather and
climate...

Uncertainties become

more complex to understand and model, due to e.g. dimensionality, dependencies, etc.
more dynamic and conditional to weather/climate conditions
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Humans in the loop

The example case of demand response and the EcoGrid EU experiment

The EcoGrid EU market:

An additional market aiming to
mobilize demand-side flexibility
(near) real-time

Demand is then enabled as a
service provider, e.g., for balancing
or congestion management

Demand is part of a pool among
other potential service providers

Important considerations on the demand side:

The approach should scale nicely, and directly reward demand for its flexibility

However, such an approach relies on the conditional dynamic elasticity of electricity
consumers

Forecasting is key, and even then the actual response may still be uncertain
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Basics: from response to saturation

Consider the example case of supermarket refrigeration, though the same could be
done for any TCL (Thermostatically Controlled Loads)...

Figure: Power consumption and representative medium temperature of the refrigeration system
when a reduction of power consumption to 5kW is requested

[Extra credits to Niamh O’Connell et al. (DTU and Danfoss), within iPower and CITIES projects]
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Conditional dynamic elasticity (from EcoGrid EU)

Simplified representation of the response of various group to a unit change of price at
time t = 0 (over the evaluation period)

The different groups are made
anonymous

They respond differently to
changes in prices

Other dimensions are overlooked
here, e.g., impact of outdoor
conditions, recent past, etc.
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EcoGrid EU: The resulting market concept

Some might say that this is a
“twisted” market, since
demand never offered its
flexibility

The concept is packed with
analytics concepts - it could be
very sensitive to the quality of
models employed
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Let’s push it a little bit...

and envisage a future based on peer-to-peer energy trading

Can you foresee which
impact this may have
on power system oper-
ations?

A few key aspects:

a number of alternative technology enablers (cloud-based, blockchain)
localization and “colouring” of power exchanges
our basic understanding of pricing may be challenged
endless possibilities for new business models! What would be yours?

Parag Y, Sovacool BK (2016) Electricity market design for the prosumer era. Nature Energy 1, art. no. 16032
(Fig. reproduced after authorization from the authors)
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We all are irrational!

This is just human...

Similarly to weather and climate
aspects:

potentially increased
uncertainties

latent dependencies, with
population effects

conditional and dynamic
feedback effects (e.g., cobweb)
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3 What to do about it?

33 / 62



Accepting and understanding uncertainties

S. Makridakis, R. Hogarth, A. Gaba

Dance with Chance:
Making Luck Work for You

(i.e., on subways and coconuts)
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Uncertainties in operations - Modelling

To be discussed this afternoon...
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Accommodating uncertainties in operations

Example: offering strategies of a renewable energy producer

The market revenue of a renewable
energy producer is composed of

revenue from a forward (day-ahead)
market
minus the unvoidable costs from
balancing (regulation)

For each time unit k on the market, this writes

Rk = pkE
∗
k − πkdk

where
pk : day-ahead price on the market for that time unit k,
E∗k : amount of energy actually generated for that time unit,

πk : regulation unit cost (either π+
k or π−k depending on the sign of regulation needed),

dk : deviation from contract, i.e. E c
k − E∗k
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Accommodating uncertainties in operations

The newsvendor problem is one of
the most classical problem in
stochastic optimization (or
statistical decision theory)

It can be traced back to:

FY Edgeworth (1888). The mathematical theory of banking. Journal of the Royal Statistical

Society 51(1): 113–127

even though in this paper the problem is about how much a bank should keep in its reserves to

satisfy request for withdrawal (i.e., the bank-cash-flow problem)

It applies to varied problems as long as:

one shot possibility to decide on the quantity of interest
outcome is uncertain
known (or estimated) marginal profit and loss

the aim is to maximize expected profit!
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Optimal offering as a price-taker

Let us focus on given market time unit t + k (e.g., 12-1pm tomorrow)

Write
λst+k the day-ahead price

λ+
t+k the unit regulation cost if over-producing (= λs − λ↓t+k )

λ−t+k the unit regulation cost if under-producing (= λ↑t+k − λs)

The revenue for t + k is given by

Rt+k = λsE
∗
t+k − λ+/−|E c

t+k − E∗t+k |

where E c
t+k and E∗t+k are for contracted and actual generation

One readily obtains that the expected utility maximization bid is

E opt
t+k = argmin

E c
t+k

E
[
L(E c

t+k ,E
∗
t+k |λ̂+

t+k , λ̂
−
t+k)

]
= F̂−1

t+k|t

(
λ̂+
t+k

λ̂+
t+k + λ̂−t+k

)
where F̂t+k|t is the predictive CDF for wind power generation, λ̂+

t+k , λ̂
−
t+k are

estimates for expected unit regulation costs

Issues? Is wind really a price-taker?
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Optimal offering as a price-maker

directly through population effects

Price-maker effect may be on:
day-ahead price
systems state (i.e., need for up- or down-regulation)
unit regulation costs

Possible extensions for, e.g., wind-storage systems (optimizing both offering and
control policies)
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4 A few interesting problems... time allowing?
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Revisiting market-clearing procedures

Day-ahead market-clearing insures an optimal match of production and demand,
a fair amount of time prior to operations, regardless of the ‘nature’ of offers/bids

With increased variability and uncertainty to be dealt with, the system should be
placed in a state permitting to optimally cope with whatever could realistically
happen

The alternative schools of thoughts:

Conventional sequential market-clearing(s), where day-ahead aspects and balancing are
decoupled, but possibly using smart(er) reserve products
Stochastic optimization, accounting for expected costs of balancing

The more practical, and still efficient, solutions:

Conventional market-clearing with improved dispatch of stochastic production
Robust optimization based dispatch
... virtual bidding?

This is what we are here to talk about!
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Conceptually, 3 alternative proposals

Placing ourselves in an energy-only context (i.e., reserves are disregarded)

The alternatives to market clearing we use in the following include

In short Link day-ahead/balancing Forecast input Optimization problem

ConvD sequential deterministic 2 (MI)LPs
StochD integrated probabilistic stochastic program
ImpD integrated probabilistic bilevel program

ConvD: StochD/ImpD:
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Illustration: costs of power system operation

Representative 24-bus system
(IEEE RTS, Grigg et al. (1999) -
total demand of 2GW and various
types of generators (2 wind farms,
for simplicity)

Realistic unit characteristics (from
Bouffard et al. (2005)) and load, while
varying wind power penetration and
spatial correlation

Energy-only Market-clearing:
conventional (ConvD), stochastic
program (StochD), conventional with
improved dispatch of stochastic power
generation (ImpD)

Costs of power system operation
highly impacted by market-clearing
approach

ρ = 0.35

ρ = 0.75

Morales JM, Zugno M, Pineda S, Pinson P (2014). Electricity market clearing with improved scheduling of stochastic production. Eup. J. Op. Res.
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Open problems...

1. Where does this probabilistic information about renewable power generation come
from?

2. Have we not overlooked the fact that such probabilistic information will never be
perfect?
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Reveal and accommodate the true cost of uncertainty

The narrative fallacy: Do we really believe we can offer renewables deterministically
with lead times of 12-36 hours ahead?

Why not adapting market designs to reveal and accommodate the true cost of
renewables’ uncertainty?

Papakonstantinou A, Pinson P (2015). Information uncertainty in electricity markets: Introducing probabilistic offers. IEEE Transactions on Power Systems
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How would that work?

Step 1 Probabilistic offers Fj(p) for all participants, J = 1, . . . , J, with price λj

Probabilistic offers optimally take the form of full predictive densities,
A deterministic offer can take a probabilistic form with a probability mass on offer
value, Fj = δPj

Step 2 Uncertainty in offers yields an uncertainty rent (retained by market/system
operator), translating to altering prices λj of individual offers, e.g.,

λ̃j = λj + uj , where uj α
E[CRT |Fj ]

E[CRT |Fi , ∀i ]
, (CRT : balancing costs)

(→ λ̃j represents the true marginal price of integrating power generation/demand from
participant j in the system)

Step 3 Market-clearing of your choice, though stochastic market-clearing could obviously
yield increased social welfare

Step 4 Attribution of actual balancing costs, based on difference between declared Fj and
actual Gj (partially observed through realization yj ), based on proper scoring rule Sc,

CRT ,j ∝ πRT Sc(Fj , yj ) , (πRT : real-time price)
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Integrated energy markets: complete coupling

For a mathematical point of view, we can write and solve fully integrated markets for
el-gas, el-heat, el-gas-heat... but...

49 / 62



Integrated energy markets: loose coupling

What do we mean by loose coupling?

respecting organizational aspects of the energy system, e.g., heat and el
management are separated, the system operator is not taking care of day-ahead
electricity market clearing, etc.

profit of existing levies for impacting dispatch, costs, etc.

A practical example: heat and el interaction through Varmelast
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Loose coupling of el and heat markets

One may respect the leader-follower structure of the market sequence, though
optimally dispatching heat in view of future electricity dispatch!
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Loose coupling of el and gas markets

A great thing in Denmark is that Energinet is system operator for both el and gas
networks!

Beware of the gas network
modelling since the potential
buffer (offered flexibility) is to be
well represented

Market coupling setups
accommodate renewable
uncertainty

We have proposed and compared:

sequential coupling as of today
(Seq.)

complete coupling of gas and el
markets (ideal- Stoch.)

loose coupling through price
premiums (with ‘fairness’
constraints - P-B)

loose coupling through gas volume
availability (V-B)
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Consumer-centric electricity markets

[Characters designed by freepik.com]

The base concept relies on p2p
exchanges

One ends up with a negotiation
problem on a network, of potentially
very large dimension

In pratice, consensus-based
optimization and Lagrangian
relaxation-decomposition techniques
can be used

The negotiation problems can be
made sparse by market design
(russian doll principle for energy
collectives) or through trading bots
accounting for preferences

Many mathematical challenges ahead
of us, but direct applications also
readily possible!
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A good starting point...

Great introduction to the peer-to-peer paradigm, with its advantages and caveats

No (advanced) proposal for negotiation processes though...
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Peer-to-peer exchanges

Consider a set Ω of prosumers aiming to readily exchange electric energy, on a graph
with full connectivity (so far...)

Write Pnm the energy quantity prosumer n is to send to (> 0) or receive from (< 0)
prosumer m (m ∈ Ω−n)

The Multi-Bilateral Economic Dispatch (MBED) writes

min
Pnm

∑
n∈Ω

Cn ({Pnm;m ∈ Ω−n})

s.t. Pnm = −Pmn ∀n,m

Pn ≤
∑

m∈Ω−n

Pnm ≤ Pn ∀n ∈ Ω

Pnm ≥ 0 ∀n ∈ Ωp

Pnm ≤ 0 ∀n ∈ Ωc

Note that instead of a balance constraint, we have a large number of reciprocity
constraints (one per non-zero exchange)

These will reveal the price for each and every transaction
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Costs functions of the various players

[taken from Hug et al. (2015)]
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Allowing for product differentiation

One may generically formulate cost functions for both consumers and producers in a
quadratic form (as earlier), i.e.

Cn =
1

2
an

 ∑
m∈Ω−n

Pnm

2

+ bn
∑

m∈Ω−n

Pnm + dn

Now, let us introduce
G the set of criteria involved in the participants’ decisions (e.g. distance, type)
cgn the preference coefficient of agent n for criterion g
γgnm the value of criterion g for agent m, from the perspective of agent n

We reformulate costs functions (example of consumers) as

Cn =
1

2
an

 ∑
m∈Ω−n

Pnm

2

+ bn
∑

m∈Ω−n

Pnm +
∑
g∈G

cgn
∑

m∈Ω−n|g

(γg
nmPnm)

+ dn

hence reflecting preferences for certain (type of) trades. This translates to defining
type-dependent utility functions.
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Solution approach and insight

We use a Consensus+Innovation approach for solving our MBED in a decentralized
manner

Writing stationarity conditions, we make a transaction-dependent price appear, i.e.

λ̂nm = λnm −
∑
g∈G

(cgn γ
g
nm)

which allows for product differentation. In case no preferences are expressed,
λ̂nm = λnm.

λ and Π updates are given by

λk+1
nm = λk

nm − βk
(
λk
nm − λk

mn

)
− αk

(
Pk
nm + Pk

mn

)
and

Πk+1
nm = f knm

 λ̂k+1
nm − bn

an
−
∑

l∈Ω−n

Pk
nl

+ Pk
nm

The iterative process uses primal and dual stopping criteria∑
n∈Ω

∑
m∈Ω−n

|λk+1
nm − λk

nm| < ελ and
∑
n∈Ω

∑
m∈Ω−n

|Pk+1
nm − Pk

nm| < εP
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An illustrative example

Let us consider distance between actors as a criterion (local production, local
consumption!), for simplicity with a fixed unitary cost cgn
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Impact of the distance-
related criterion on bilateral
exchange on the left, and on
the exchanges between the
two villages on the right
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Final remarks

Keywords:

electricity market and power system operations
uncertainty
optimization
game-theoretical effects

But also...

This week is about meeting people with different backgrounds and interests(!)
and enjoying a nice week with us at DTU, Denmark(!)
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Thanks for your attention!
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