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Upcoming meetings

RSS Applied probability section meeting

Date: TBC (October or November 2013)
Location: Errol Street, London
Single day meeting

Statistical and Probabilistic Methodologies for Energy
Systems (CRiSM Worskhop)

Date: 14-16 April 2014
Location: Zeeman Building, University of Warwick
There will shortly be a call for papers.
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Challenges ahead

We are moving towards a low carbon future.

Higher dependency on renewable power sources, eg.

Wind power
Wave power
Solar power

Renewable energy brings issues:

1 Output varies from full to zero with no control. (Variability)
2 More difficult to predict. (Uncertainty)

These will cause increases in operating costs.

Can modelling provide us insight into how to reduce these
costs.



Modelling aim

Aim to develop simple models to capture underlying problem.

Models should be understandable and clearly sate
assumptions.

Analysis of models provide qualitative understanding of the
system.

For example:

understanding value of storage,
understanding important statistical properties of wind
forecasts,
understanding effect of for seen errors.



Outline for rest of talk

We will consider three models designed to better understand :
1 Using storage to minimise cost of excess generation and spilt

wind.
Ramp constraints and time delay lead to delayed reaction to
errors.
How can storage be used to compensate?
What effect does storage size have on utility?
What happens when network constraints are added?

2 Using storage for arbitrage.
Can the value of storage be predicted when used for arbitrage?
Can we better understand the effect of increased variability?

3 How to ramp conventional generation given a future step
change.

Given there is a frontal weather system is coming how should
conventional generation be ramped?
We know it is coming but not the exact time and size of the
change.
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Aims of model

Focus on the issue of uncertainty rather than variability.

Develop a framework for the study of storage.

Attempt to provide insights into the real system.

Can storage and dynamic demand be seen mathematically as
the same thing?

Develop necessary mathematical tools.

Better understand the important statistical properties of wind
for modelling.

Focus on the transmission network and associated issues.

We look to start with simple models and slowly build in complexity,
for example spacial issues.



What we ignore

There are many things we ignore in this work because of the focus
we have taken. These include:

Reactive and active power.

Market mechanisms.

Policy issues.

Variation within the conventional fleet.



Stochastic Dynamic Programme

Consider the problem broken down into time steps.

Each time step the operator has a large range of possible
actions eg:

Schedule an extra conventional plant.
Utilize pumped storage.
Curtail wind generation.

The operators objective is to minimise cost subject to the
constraint of keeping the U.K. powered.

From a storage perspective the natural space to examine is
that of energy rather than power.



Probabilistic Constraint

“Keep the UK powered”: how do we interpret this?

A hard constraint is not appropriate.

Always a chance that demand will be higher than supply:

For example the loss of two conventional power plants.
Network failures, loss of power line and other hardware.

A better constraint is probabilistic in nature

P(Failure to supply in period) ≤ pf ,

where pf is the worst allowed.

This can be thought as controlling the rate at which blackouts
occur, e.g. 1 in 365 policy.



Cost function

Dealing with real monetary cost is hard.

Real time energy market.
Bid and offer process.
etc.

Instead use lost energy as the cost.

Energy can be lost in two ways:

1 Spilt energy from over generation.
2 Storage cost (for example Dinorwig ≈ 75% efficient).

We aim to minimise the long run average cost, i.e. the
average lost energy per period.

This is equivalent to making the most of all the wind power.



Conventional generation

Conventional generation technologies are slow to respond. Two
alternatives to modelling this:

1 As a maximum rate of change on the rate of change (i.e. the
rate of change of the power supplied).

2 As a process with a control lag.

Reality is likely to lie between these two, a lag to start up and then
maximum rate of change. For simplicity we only consider the
second case.

Let T be the control lag.

For conventional plant i , let Ci (t) be the amount of energy
generated in period t.

Then Ci (t) is decided in time slot t − T , e.g. if T = 1 the
amount generated is decided in the previous time slot.



Modelling Storage

Features we aim to capture:

Capacity of the store.
Rate constraints.
Storage efficiency:

Losses from moving energy in and out of storage.
Energy leakage.

We model the storage process as a double Skorohod reflection with
boundaries at 0 and storage capacity.

Let Aj(t) be the energy flow in and out of storage, i.e. Aj(t)
is the amount of energy placed in or taken from store in time
slot t.
Let Sj(t) be the amount in store at the start of time slot t, so

Sj(t + 1) = [Sj(t) + Aj(t)− fj(Sj(t))]
Bj

0

Bj is the capacity of store j ,
fj is a function modelling the leakage.



Demand and Wind power

We will consider net demand at each node, this demand minus
wind power. This provides a natural way of combining randomness
at each node.

Let Dn be the net demand at node n.

Assume that Dn is stationary stochastic process.

At time t we know the distribution for t + i , for all i ≥ 1, this
is the information we will use to make decisions on future
conventional generation.



Storage and Dynamic demand shifting

Initial perspective seems to indicate these are very different.

Further thought indicates this might not be the case.

Both storage and dynamic demanding shifting move energy
demands through time, storage on the supply side and
dynamic demand on the demand side.

As for storage any dynamic demand shifting technologies, has
different properties:

Maximum amount of demand which can be shifted.
The total power rating of all devices involved.
The extra energy required because of demand shifting.

The main difference is time limits in dynamic demand shifting,
the delayed action needs to occur at some time;

For examples, fridges switched off need to cool down sometime
in the future.

How can this time issue be properly included?



Initial model to consider

Start by considering the simplest
model:

Single store,

Single conventional thermal
plant,

Single source of demand

Can be viewed as considering the
aggregate system.
Further simplfy the store:

100% efficient,

No input/output rate
constraints,

Capacity B.

See later talk by Glyn Eggar

Store

Supply Demand



Second store

Consider aggregate supply and demand.

Interested in the interplay between two
energy stores.

Consider

a large capacity store with low
input/output rate,
a smaller capacity store with high
input/output rate.

This can be considered as a first look at
value of dynamic demand.

The large store can be viewed as
conventional store.

The small store, the dynamic demand-
quick to respond but small in size.

Store 1

Store 2

Supply Demand



Single link

Consider two copies of original model with
a single link between with capacity L.

Simplest network model.

For the extreme cases we have:

L = 0, here the two systems become
separate.
L =∞, degrades to the case of two
stores no link.

Could model two countries connected
with a single link, for example Scotland
and England.

Store 1

Supply 1 Demand 1

Store 2

Demand 2 Supply 2

Link
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Value of storage

Assume

The value can be captured in price arbitrage
(buy energy when cheap and sell when expensive)

Prices are known in advance (no uncertainty)

See later talk by Stan Zachary.



Model

E

P

E = size of store — capacity constraint

P = max input/output rate — rate constraint



Cost function

At any (discrete) time t,

P

P

sell

buy

x

)x(
t

C

Ct(x) = cost of increasing level of store by x (positive or negative)
Assume convex (reasonable). This may model

market impact

efficiency of store

rate constraints



Problem

Let St = level of store at time t, 0 ≤ t ≤ T .

Policy S = (S0, . . . ,ST ), S0 = S∗0 (fixed), ST = S∗T (fixed).

Define also xt(S) = St − St−1

(energy “bought” by store at time t – positive or negative)

Problem: minimise cost

T∑
t=1

Ct(xt(S))

subject to
S0 = S∗0 , ST = S∗T

and
0 ≤ St ≤ E , 1 ≤ t ≤ T − 1.
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Problem

Small errors can be are dealt with by fast response.

Larger errors require more drastic action.

Conventional generation is slow to ramp.

Only useful if preemptive measures have been taken.

Alternative expensive sources (e.g. interconnectors) deal with
remaining error.

Example situation, miss judging a frontal system.

How do we ramp conventional power in a preemptive maner?



Wind prediction data
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Figure: Errors in MW in wind power prediction for 1.5 year period



Extreme errors
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Figure: Only errors, which are higher than 1000MW, for 1.5 year period



Model

Work in continuous time for simplicity.

Marked point process of errors, [Π, {Xi}i≥0].

Cost has two parts:

1 Cost from failing to meet error.
2 Cost from excessive conventional generation.

Want to minimise long run average cost.

C (t), amount of conventional generation.

Ramp constraint: −L ≥ C ′(t) ≤ U.

Cost of failing to meet error: c1
∑Π(t)

i=1 (Xi − C (Ti ))+

Cost of excessive generation: c2

∫ t
0 C (t)dt.

See talk by Ksenia Chernysh.
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