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Future system demands require highly flexible PSP with
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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.

The remaining optimization lever is cost of a PSP – beside other positions the machine

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 simulated with modern toolsdispatch needs to be simulated with modern tools.

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.

New Perspectives of PSPs     July 19, 2012     E.ON Global Unit Generation2



E ON’s Waldeck 2+ project is an extension of the
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E.ON s Waldeck 2+ project is an extension of the 
existing interconnected Waldeck Group

European hydro power portfolio

Potential increase 
of upper basin

The Waldeck Group in central Germany
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No. of operated hydro plants 212
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Annual net generation 18,5 TWh
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Demand for flexibility will permanently increase within the
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Demand for flexibility will permanently increase within the 
next years due to growing share of renewables feed-in
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*) Germany/ input for simulation without export, direct industry, railway or auxiliary consumption



Profitability of PSP is supported by high demand of
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Profitability of PSP is supported by high demand of 
ancillary services – increasing revenue share accordingly

20092009
to 2011
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Typical investment cost structure for new build projects
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Typical investment cost structure for new build projects 
of hydropower plants incl. pumped storage plants

Pumped

General note: depending on the real project, individual cost structure may be different! 

Run-of-river Storage
Pumped

Storage
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To optimize the technical concept a comprehensive three-
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To optimize the technical concept a comprehensive three
step evaluation approach has been applied

New Build Potential Extension Stage Machine Concept
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Results of RWTH Aachen simulations – Turbine and pump 
schedules of PT with asynchronous generator (300 MW)
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Due to its controllability pump can take part in 
the negative reserve market with 90 MW 

Results of RWTH Aachen simulations –
Analysis of WA 2+ contribution margins in 2009
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Remainder of 210 MW operated at the spot 
market
If called for positive PRR energy, HPP needs to 
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Decreasing slope of curve with increasing 
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How much additional pumped- What is the market optimal How much flexibility is 
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PT synchron with significantly lower level

storage capacity fits into the 
German market?

capacity and upper basin size? required in today’s market? 
Which machine type should be 
applied?
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Machine types differ in their flexibility to participate in
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Machine types differ in their flexibility to participate in 
the reserve markets and in their investment cost

Three technical alternatives are 
available:

Two main flexibility parameters of given 
machine types were simulated:
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An asynchronous pump-turbine is proposed as optimal
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An asynchronous pump turbine is proposed as optimal 
machine concept – dependent on the individual situation

h l l
99%100%
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Simulated contribution margins:

132%

Capital expenditure assumptions *:

reserve
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Asynchron pumped-turbine and ternary machine

asynchronsynchron

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

capital expenditure reveals pumped-turbine 
with asynchronous generator to be the most 
beneficial solution.

New Perspectives of PSPs     July 19, 2012     E.ON Global Unit Generation9

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



Backup

Global Unit Generation

Backup
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The energy-economic modeling of pumped-storage
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The energy economic modeling of pumped storage 
plants must address both wholesale and reserve markets

0

Markets for scheduled energy
2

Inflow QinHydraulic generation Two‐stage method as mixed whole‐number quadratic problem for 

Methodology 5

Evaluation methodWholesale & reserve market Thermal & hydraulic systems

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

Reserve Markets (I)

Emax,sale Emax,pur

Purchase

Sale

prohibitive price

Traded 
energy

price

1

Reserve Markets (II)

storage

Run-of-river plant

Turbine

Turbine

Turbine

Pump

Qin

Qin

Qin

Qin

Turbine

Qin

Time variable natural inflows
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
Load dependent efficiency…

inflow

Upper basin
t = 1 t = 2 t = n

Start volume End
volume

power generation and trading planning
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

spot market LP:
parameters, e.g.:

k i

Decomposition

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

Lagrange Relaxation  Co‐ordination of energy and reserve balance

reserve market QP:
parameters, e.g.:

i & i

hydro units (SLP):
parameters, e.g.:

i

thermal units (DP):
parameters, e.g.:

i / i

1st stage

3

Reserve provision by hydraulic power plants
Reserve procurement by transmission grid operator

For power plant operators: only sale of reserve capacity
Various product definitions
Minimum offer volumes
Activation time

Criteria for award of offer/contract:
Only merit-order of capacity price
Modelling of capacity-price-demand-
function
Criteria for calling of reserve energy:
merit-order of energy price
Modelling of reserve energy calling by
energy price dependent calling
probability (time row)

Bilaterale reserve contracts (e.g. hourly reserve)

Capacity price +
prA· offered energy price

Capacity price

RCmax,sale

Sale

Price

Reserved
capacity

prc: calling probability

RCmin.offer

Middle basin

Turbine

Turbine

Pump

Lower basin

Start volume End
volume

Continuity equation: Vt = Vt-1 + Qt, inflow – Qt, outflow

Modelling of interconnected hydraulic groups
Hydraulic Network-Flow

Hydro‐thermal power dispatch (close‐ended solution)
QP

results evaluation: dispatch, contribution margin

‐market prices
‐market volumes  

‐ capacity & energy prices
‐max salable capacities 
‐ hourly request of energy 

‐max capacity
‐ efficiencies
‐ storage volumes
‐ grid tariffs

‐min/max capacity
‐ efficiencies
‐min/ up‐ and down‐times
‐ cost components

2nd stage

Upper basin

turbine pump

topology

. . .

. . .

QTu,EE QPu,EE

V1start V1end

hydraulic model

max. generation limit,
e.g. elec.energy: 80 MW,
reserve: 100 MW

QTu,RE QPu,RE

reserve energy availability, e.g.
100 MW · 4 h = 400 MWh

reserve: consideration of requested

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

ate a e ese e co t acts (e g ou y ese e)
Purchase and offer
Possibly longterm contracts
Design not standardized
Modelling as fixed amount of reserve capacity

Lower basin
time

V2start V2end

QTu,FE + QTu,RL ≤ QTu,max

Vmin ≥ c ⋅ PRL ⋅ tmin

reserve: consideration of requested 
reserve energy, e.g. with calling 
probability 
prA = 0,2:
0,2 · 100 MW · 1 h = 20 MWh
elec.energy:
80 MW · 1 h = 80 MWh

QTu,RA= prA ⋅ QTu,RL

An integrated algorithm
optimizes the power plant 
scheduling on wholesale and 
reserve market

Particularities for scheduled energy 
and reserve markets (prices, 
sellable reserve capacities, calling 
signals…) 

Hydraulic constraints and technical 
restrictions in the considered system 
(incl. thermal plants portfolio 
approach)

Results: optimized dispatch of 
portfolio and contribution margin
of PSP (incl. portfolio effect)
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Additional restrictions needed to be defined in
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Additional restrictions needed to be defined in 
simulation model to reflect machine type characteristics
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market
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Step 1:

Portfolio-simulation without 
restrictions in order to

Step 2:

Machine type simulation on 
stand-alone basis for

With re-definition of 
optimization problem 
complexity increased 

d l restrictions in order to 
conclude how much reserve 
capacity is provided by Waldeck 
Group if part of the portfolio.

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

tremendously

Simulation approach needed 
to be split into two steps to 
limit calculation times p

Waldeck 2+ extracted from 
group results
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Analysis of run-of-day schedules showed that machine
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Analysis of run-of-day schedules showed that machine 
type specifics were captured well in simulation
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