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Future system demands require highly flexible PSP with
optimized revenues and cost structures

Currently, pumped storage plants (PSPs) are the only mature large scale option to store
energy and react flexible on system demand.

Considering all revenue streams — wholesale market, ancillary services and portfolio effect
— PSPs are profitable, even in tough market environment.

The remaining optimization lever is cost of a PSP — beside other positions, the machine
set is a main cost driver, which can be optimized.

To display the value contribution of a PSP — technically and economically - the optimal
dispatch needs to be simuiated with modern toois.

As the plant flexibility becomes more important, the majority of the revenues come from
the ancillary services (secondary reserve).

Thus, the optimal machine concept is highly flexible at minimal costs and has the right
size in the market portfolio.
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No. of operated hydro plants 212
Efficient capacity 6.161 MW
Annual net generation 18,5 TWh
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The Waldeck Group in central Germany
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Demand for flexibility will permanently increase within the
next years due to growing share of renewables feed-in
Annual residual load Energy production” [TWh]
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*) Germany/ input for simulation without export, direct industry, railway or auxiliary consumption
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HydroVision 20rH, Sacramento

Consideration of all three revenue components leads to a
rise in contribution margin and a project IRR far above 109

Risein contributionmargin Sensitivi

60%

E i - Pl WinakeEhs = reares

markst rading markst trading
Tre sensitivity analysis confirms that

Il Fortioio effect * ppirant CNPEX, plant: avaiahility, and

[ R==ere maricet tariffs haee the most significant Revenue
B vhoenats maeet impact on |RE

distribution

5 New Perspectives of PSPs  July 19, 2012  E.ON Global Unit Generation m




Global Unit Generation

Typical investment cost structure for new build projects
of hydropower plants incl. pumped storage plants
Basic CAPEX set Split of CAPEX
% of CAPEX
Plant type - driver for revenues 10 I-![ydriulic steel
Run-of-river Storage I::Omrggeg 80 g

High
> | Head | 1400-2800 | 1850-4,600 | 700-3200 o |
a =150m
S
E Medium
§ | Head 1,600-3,400 | 2,100-4,800 401 Civil works
£ | s0-150m incl. land
'? acquisition
® Low 20 1
£ | Head | 1900-3800

<50m

0 T T
CAPLX (€£/kW) Pumped

Run-of-river Storage
Storage

General note: depending on the real project, individual cost structure may be different!
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New Build Potential
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How much additional pumped-
storage capacity fits into the
German market?
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Extension Stage

Contribution Margin—s
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i contribution Margin Waldeck 2+ small basin

H Contribution Margin Waldeck 2+ large basin
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What is the market optimal
capacity and upper basin size?

Machine Concept

Results of RWTH Aachen simulations - Turbine and pump
schedules of PT with asynchronous generator (300 MW)

hhhhhh Pump

Results of RWTH Aachen simulations -
Analysis of WA 2+ contribution margins in 2009

How much flexibility is
required in today’s market? 2>
Which machine type should be
applied?
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Aachi
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e types differ in t

the reserve markets and in their investment co
Three technical alternatives are Two main flexibility parameters of given
available: machine types were simulated:

Investments
required:

1 Limited flexibility (no

controllability of
pump, high min. load
of turbine)

Pumped turbine
with synchronous
generator

Medium flexibility
(variation of power
output of pump
possible, medium min.
load of turbine)

Pumped turbine
with asynchronous

generator

2] Maximum flexibility
(hydraulic short
circuit can be
applied, low min.
load of turbine)

Minimum load of turbine

Ternary
machine
set

Controllability in pumping mode
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An asynchronous pump-turbine Is proposed as optimal
machine concept — dependent on the individual situation

Simulated contribution margins: Capital expenditure assumptions *:
100% 99% 132%
80% - I wholesale 95% 100%
L]
reserve
pumped- pumped- ternary pumped-  pumped- ternary
turbine turbine machine turbine turbine machine set
synchron asynchron set synchron  asynchron
v v

Cost-benefit-analysis with consideration of
capital expenditure reveals pumped-turbine
with asynchronous generator to be the most
beneficial solution.

Asynchron pumped-turbine and ternary machine
set reach same level of contribution margin,
whereas synchron pumped-turbine remains 20%
behind.

* Source: Lahmeyer International, only M&E part (approx. 20% of total budget) m
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Wholesale & reserve market

Markets for scheduled energy

O Spot- and Future market

Purchase and Sale of electrical energy
Spot market: hourly products

Future market: variable product
definitions

Modelling by price-demand-function,
aggregated for total market

.

.

price
Sale
prohibitive price

Purchase

.

.

Traded

H Reserve Markets (Il)

Price
Capacity price +
pra- offered energy price

+ Criteria for award of offer/contract:
Only merit-order of capacity price

= Modelling of capacity-price-demand- Sale
function

+ Criteria for calling of reserve energy:
merit-order of energy price

I = Modelling of reserve energy calling by

energy price dependent calling RCnax sal®Corin.ofter

probability (time row) pr: calling probability

Capacity price

Reserved
capacity

O Bilaterale reserve contracts (e.g. hourly reserve)
+ Purchase and offer
+ Possibly longterm contracts
+ Design not standardized
= Modelling as fixed amount of reserve capacity

IRR\N RWTHAA

Hydraulic generation

o

Time variable natural inflows Turbine
Minimum and maximal discharge of
pumps, turbines, penstocks etc.

Starting und end volume for each reservoir
Revisions and forced commitments
Provision of scheduled energy and reserve capacity Turbine
Load dependent efficiency...

o

Turbine

0000

Run-of-fiver plant

Reserve provision by hydraulic power plants

O Pumped-storage plant participation in scheduled energy and positive minute
reserve market

topology hydraulic model
reserve energy availability, e.g. Visar Vieng
100 MW - 4 h = 400 MWh I ®
Upper basin | |

e.g. elec.energy: 80 MW, Qpure
reserve: 100 MW

reserve: cor ] S o=—
reserve energy, e.g. with calling 2stan 2ena

4
Qruge Qeue

II max. generation limit, 4. )
turbine pump Qrure l

r

probability — time
pry=0.2:

0,2 -100 MW - 1 h =20 MWh Qrure + Qrure < Qrumax
elec.energy

Sci Py
80 MW - 1 h =80 MWh Viin 2 € - Pre tin

Qrura= Pra - Qrure

IREW RWTHAACHEN

Particularities for scheduled energy
and reserve markets (prices,
sellable reserve capacities, calling
signals...)
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Hydraulic constraints and technical
restrictions in the considered system
(incl. thermal plants - portfolio
approach)

E.ON Global Unit Generation

Evaluation method

Two-stage method as mixed whole-number quadratic problem for
power generation and trading planning

Methodology

O Objective
Determination of the maximum contribution margin of a generation pool consisting of thermal
and hydro power plants under consideration of spot and reserve markets

Input data: generation, trading, load, reserve, control data
iy

Decomposition

Lagrange Relaxation Co-ordination of energy and reserve balance

1st stage parameters, e.g.:

-market volumes

L
2nd stage Hydro-thermal power dlszaph:h (close-ended solution)

O

[ results evaluation: dispatch, contribution margin ]

IRSWN RWTHAAC

* Anintegrated algorithm
optimizes the power plant
scheduling on wholesale and
reserve market
Results: optimized dispatch of
portfolio and contribution margin
of PSP (incl. portfolio effect)
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e With re-definition of
optimization problem
complexity increased
tremendously

* Simulation approach needed
to be split into two steps to
limit calculation times
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reserve
market

hard coal hydrB storage

Step 1:

Portfolio-simulation without
restrictions in order to
conclude how much reserve
capacity is provided by Waldeck
Group if part of the portfolio.

ned in
characteristics

Wa]dech |

Waldeck 2 ‘ Waldeck 2+

Waldeck 1
Affolder

Step 2:

Machine type simulation on
stand-alone basis for
Waldeck-Group with portfolio-
simulated reserve capacity
provision as input and 2009
actual prices

Waldeck 2+ extracted from

group results
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Exemplary 24-h-schedules Take-aways
TlOO%
- * No full load operation in wholesale
S market, irrespective of machine type
g o%
* Large amount of capacity sold to

-50%

100% reserve market

50%
Du T T T

-50%

-100%

-100%

* Increasing flexibility of machine types
fosters reserve market participation

™ Reserve Energ'
W Reserve Capac|
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Power Output —

* Hardly any standstill times to be able to
participate in PCR market, which is very

100% W Scheduled Energy W Reserve Energy negative Reserve Energy ;;r;rsrilteive_’ I u Cratlve | n G erm any
I ° W Reserve Capacity positive ™ Reserve Capacity negative
ER * Simulated energy output schedule looks
E E(\-/\?‘jgrj’f&/v< different from a traditional PSP
: \ / \/ schedule of today

-100% — —

1 4 7 10 13 16 Hour 22
Time—
—PT asynchron —Ternary machine set — PT synchron
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