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Abstract

Correspondence:

Taking into account political decisions to phase out nuclear power after
the Fukushima accident in March 2011 and due to the increasing deployment of intermittent renewable energy technologies (RET), the
electricity sector in Germany and Central Europe is presently undergoing significant changes. In order to adjust power production to the actual
demand, the increased amount of distributed and intermittent renewable
energy technologies feeding into the grid leads to the requirement for
higher energy storage capacities for load management purposes and to
support grid balancing.
To date, pumped storage hydropower plants remain the most efficient
and profitable option to store electricity surplus from intermittent
sources. This study aims to evaluate the commercial viability of a Hybrid Energy Scheme (HES) that combines power generation by means
of wind and solar energy with an associated pumped storage facility.
The assessment is carried out using a financial model that verifies the
economic merit of RET based power generation in conjunction with an
associated pumped storage plant (PSP). The economic project appraisal
includes an assessment investigating under which conditions the economic advantages of a hybrid energy production scheme justify the additional investments required.
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Introduction
The importance of the two factors energy and innovation for Europe’s
future growth and prosperity has clearly been recognised by the power
industry as well as government authorities. On 4th of February 2011, the
European Council highlighted their conclusions on the topic by communicating the following proclamation: “Safe, secure, sustainable and
affordable energy contributing to European competitiveness remains a
priority for Europe […]. Reaching the EU objective, in the context of
necessary reductions according to the IPCC (Intergovernmental Panel
on Climate Change) by developed countries as a group, of reducing
greenhouse gas emissions by 80-95% by 2050 compared to 1990 as
agreed in October 2009 will require a revolution in energy systems,
which must start now" (European Council, 08.03.2011).
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A substantial penetration of intermittent renewable energy sources such as wind and solar into national grids
is therefore an important target of the energy policy in
Europe and worldwide. Facing a scenario that by midcentury the major amount of energy needs to be supplied at an acceptable cost through wind and solar power generation, one of the key problems will be the intermittent supply. Consequently a major increase of
storage capacity for electric energy will be required,
which can be developed at large scale level, as well as
by decentralised small scale and household level. In this
context the concept of combined power plants, which
ensure the interaction of different forms of renewable
energies, have been the subject of scientific research
since several years. The so called “Combined Cycle
Renewable Power Plant” was presented at the German
Energy Summit on July 3rd 2007 and is based on the
idea to make use of wind turbines and solar modules for
electricity generation through joint control of small and
decentralized plants. In order to provide temporary storage and balance out momentary fluctuations bio-energy
and hydropower are utilised. Figure 1 illustrates the
principal functioning of such an arrangement (Renewable Energy Research Association 2010).
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•

•

•

•

•

Pre-dimensioning and determination of main design parameters for a typical decentralised pumped
storage facility.
It is intended to make, as far as possible, use of
existing infrastructure (e.g. alpine storage reservoirs for snow making purposes)
Pre-dimensioning and preliminary cost estimation
for a Hybrid Energy Scheme consisting of a Solar
Park and Wind Farm including an associated decentralised pumped storage plant.
Creation of a financial model and calculation of
financial indicators to assess the financial project
feasibility for construction and operation of the Solar Park and Wind Farm as standalone systems or
alternatively as a combined Hybrid Energy
Scheme.
Assessment of main factors that influence the profitability of the Hybrid Energy Scheme and evaluation to what extent adequate remuneration instruments included within the institutional framework
are required to assist the implementation of renewable energy schemes as described above.

A possible configuration of a Hybrid Energy Scheme,
which presents the subject of the following assessment,
is illustrated in Figure 2 depicting the possible array of
a Solar Park (Photovoltaic Plant) and a Wind Farm on a
mountain top together with the upper storage reservoir
of the associated pumped storage plant.

Figure 1: Principle scheme of a combined cycle renewable power
plant

Based on a simplified arrangement combining wind and
solar energy with a pumped storage facility, the objectives of the following study can be summarised as follows:
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Figure 2: Hybrid energy production and storage (side view)
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Figure 3 presents an overview covering the entire layout
of the plant including penstock, powerhouse, lower
storage reservoir and the connection to the existing high
voltage grid.
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order to compensate daily as well as seasonal fluctuation in power generation and to balance the gap between generation and demand for maintaining a stable
grid frequency of 50 Hz, the BDEW urgently recommends an expansion of pumped storage.
Statistical records elaborated by the German Federal
Ministry for Environment, Nature Conservation and
Nuclear Safety BMU (Bundesministerium für Umwelt,
Naturschutz, Naturschutz und Reaktorsicherheit) confirm the massive increase of renewable energies in
Germany over the past ten years and indicate that wind
and solar energy, hydropower, geothermal energy and
bio-mass are rapidly becoming distinctive features of
the power supply system (BMU 2012a). The increased
contribution of these technologies to the German electricity market is illustrated in Table1.1 where the development of installed capacity and annual power generation for each of these energy forms is summarised for
the past 20 year period until 2011.

Figure 3: General layout of the investigated hybrid energy plant

The general dimensions of the scheme are as follows:
• Installed Capacity of Solar Park:

10,0 MW

• Installed Capacity of Wind Farm:

13,5 MW

• Installed Capacity PSP (turbine operation): 19,3 MW
• Installed Capacity PSP (pump operation): 26,9 MW
1 The expected role of energy storage until
2020/2050
Outline of the German electricity and energy
market
The German Association of Energy and Water Industries BDEW (Bundesverband der Energie- und
Wasserwirtschaft) predicts a boom for renewable energies for the near future resulting in an increase of installed capacity by 55 GW to a total of 115 GW and an
increase of annual power generation by 115 TWh leading to an annual amount of 225 TWh until year 2020.
These figures are mainly based on volatile intermittent
renewable energies such as wind and photovoltaic. In
The IMRE Journal

Table1.1: Renewable energy resources in Germany from 1990 to
2011

The chart presented in Figure 1.1 illustrates the development of the most predominant renewable energy
technologies over the past two decades in graphical
format. The data has been collected by the Working
Group on Renewable Energy-Statistics as requested by
the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU 2012b).
This substantial growth of renewable energies will be
further accelerated by the decision to phase out nuclear
energy and is regarded as one of the major challenges
represented by the planned transformation of the German energy market.
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Figure 1.3: Residual load in 2006 with and without pumped hydro
(IWES 2010)

Figure 1.1: Installed capacity of renewable energies in Germany
until 2011

Existing and projected power storage capacity requirements
According to the BMU Lead Study, in 2020 Germany’s
electricity demand can theoretically be almost entirely
supplied by non-controllable renewable on a very sunny
day or windy weekends as illustrated in Figure 1.2.

A dynamic simulation of the German electricity market
carried out by Fraunhofer Institute for Wind Energy and
Energy System Technology IWES (IWES 2010) indicates that major changes have to be expected regarding
the residual load until 2050 as illustrated in Figure.
2020:

2050:
Figure 1.2: Two-week time series of non-controllable renewable
input 2020

However, it is also evident that, due to the intermittent
character of power generation, the successful further
integration of renewable energies will require substantial efforts regarding grid extensions, load management
and provision of new storage capacities. New power
plants have to operate extremely flexible in order to be
able to integrate fluctuating renewable energy. At the
same time, these plants have to remain economically
viable and must amortise their costs in spite of reduced
full load hours and frequent ramping up and down. As
depicted in Figure 1.3 pumped storage hydro power
plants can successfully assist with the required load
management.
The IMRE Journal

Figure 1.4: Expected residual load for year 2020 and 2050 (IWES)

Under certain constellations the power generated by
fluctuating renewable energies currently already ex-
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ceeds the actual demand and the simulation demonstrates that by 2050 the frequency of such occasions is
expected to rise dramatically. At the same time, the
requirements for the power grid are expected to increase
substantially due to increased load changes, extreme
load gradients, the frequent start up and shutdown of
power plants, economic constraints etc. According to
the IWES assessment of pumped storage plants (IWES
2010), the above scenario requires a massive expansion
of power storage facilities in order to further improve
load management in conjunction with more flexible
power generation plants. Furthermore, the abilities of
RET themselves require maximum exploitation in order
to meet the requirements of a future balancing power
market and allow for their successful integration (Vetter
2011).
2 Main principles of pumped storage technoltechnology
Principles and benefits of pumped storage
plants
Pumped storage hydro plants move water between two
reservoir elevations (i.e., an upper and lower reservoir)
to store energy and generate electricity. This mature
technology usually provides the least cost option for
large scale energy storage and moreover possesses the
ability to provide various stabilising features to the grid.
Pumped storage plants, which are not continuously
connected to a naturally flowing water feature, are defined as closed loop projects. These schemes just shift
water between two reservoirs, while open-loop projects
consist of a combination of pumped storage and conventional hydroelectric plants using a natural stream
flow. The different modes of operation for pumped
storage facilities are illustrated in Figure 2.1 below:
Pump Operation:

Matthias Beisler

Turbine Operation:

Figure2.1: Principle modes of operation for pumped storage plants

In reality, pumped storage plants are net consumers of
electricity, since inevitable losses during the pumping
and power generating process make the plant an overall
net consumer of energy. Modern large scale pumped
storage plants achieve overall efficiency factors well
above 0.80. However, since the focus of this study is
placed on the investigation of decentralised small scale
projects an overall efficiency factor between 0.70 and
0.75 is considered appropriate to remain on the safe
side.
Pumped storage revenue generation
a) Load balancing (Peak/Off-Peak operation)
Due to their design based on flexibility pumped storage
plants are able to store excess generation capacity during periods of low demand and can supply electricity
during periods of peak demand, when electricity prices
are at their maximum. This type of operation flattens
out load variations and can consequently support the
integration of fluctuating RET into the existing power
system by means of improved load management.
b) Grid (Network) frequency stability control
The objective of control reserve activation is to maintain the system frequency within a narrow range around
its target frequency of 50 Hz and to eliminate regional
deviations in the balance from their reference value as
depicted in the following Figure2.2. Pumped storage
plants have the ability to contribute to maintaining the
frequency stability of the electricity grid since they are
able to respond to load changes within very short periods of time and provide reserve generation.
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since they require very little initial power to start and
can provide a large block of power on line in agreed
timescales without the use of external power supplies to
facilitate the start-up of inflexible fossil-fueled or
nuclear stations.

50 Hz

Power Demand

Power
Generation

50.2 Hz
50.1 Hz

49.8 Hz
49.9 Hz

Figure2.2: Balance between electricity generation and demand

Within the UCTE grid (European Union for the Coordination of Transmission of Electricity) primary control reserve, secondary control reserve and minute reserve (tertiary control reserve) are distinguished for
maintaining the systems frequency stability at 50 Hz.
The above terms and definitions are summarised and
illustrated in Figure 2.3 taken from the website section
“Procurement of control power and energy in Germany” of the German transmission system operator
Amprion GmbH (refer to www.aprion.net).

d) Reactive current compensation
Modern pumped storage plants equipped with adjustable speed motor-generators provide the possibility of
active power control in pumping mode allowing the unit
to pump and generate with partial load at optimum efficiency. Since state of the art motor-generators are able
to produce or absorb large amounts of reactive power
within a very short response time, these units also allow
for reactive power control at the interconnection point.
Although the provision of the described ancillary services to the electricity grid must be considered as highly
beneficial for the overall grid operation, PSP projects
can presently only generate revenues through load balancing and the provision of (mainly secondary) control
reserve. Due to the lack of a capacity market, neither
the provision of black start capacity nor the possibility
of reactive current compensation are appreciated in
monetary terms by the current legislative framework
conditions.
Pre-dimensioning of a decentralised pumped
storage plant
Since the assessed pumped storage facility is supposed
to form an integral part of a hybrid energy generation
system its storage capacity must be aligned with the
estimated power generation capacity of the associated
power generating plants. Furthermore, it is intended to
make, in so far as possible, use of existing infrastructure. In this context alpine storage reservoirs that collect
and store water for snow making purposes represent one
possible option.

Figure2.3: Time frame for the usage of control energy

The provision of control reserve is assured by a market
maker through weekly tenders for standby capacity and
potential providers of control reserve have to complete
a prequalification procedure to demonstrate their ability
to meet specific requirements that guarantee the security of supply.
c) Black start capacity
Black start is the process required to recover from a
total or partial shutdown of the transmission system
which has caused the complete loss of generation and
load. Pumped storage plants can be designated as the
black-start sources to restore network interconnections
The IMRE Journal

Figure 2.4 depicts the volume of existing man-made
alpine storage reservoirs for snow making purposes in
Tirol/Austria. The cumulative volume of these reservoirs amounts to about 7.5 million m3 in total. Assuming an average hydraulic head of 400 m the volume of
the 5 biggest storage reservoirs alone (approx. 2 mio.
m3) signifies an energy content of almost 1.9 GWh.
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within a period of 6 hours. This theoretically leads to
2.190 hours of annual peak load operation. For the subsequent calculations just 2.100 peak load hours per year
are taken into consideration in order to account for necessary interruptions due to scheduled maintenance. For
this comparably small scheme, an underground powerhouse in form of a cavern does not seem appropriate
and economical. Therefore the design calculations are
based on a layout comprising a penstock designed in
form of a buried steel pipeline in conjunction with a
shaft powerhouse situated in the vicinity of the lower
storage reservoir (LSR). It is assumed that the upper
storage reservoir is fed by a natural inflow, which can
be used for power generation and also warrants the first
filling of the system.
Figure2.4: Alpine water storage reservoirs in Tirol/Austria

3 Economic Project Appraisal

The majority of alpine storage reservoirs for snow making purposes that have been designed and constructed in
Austria possess a storage volume ranging from
30.000 m3 to 180.000 m3. For a decentralised pumped
storage plant, a reservoir volume of 135.000 m3 can be
expected to present a realistic and technically feasible
dimension, resulting in an active storage volume (usable
water volume for pumping and energy generation) of
approximately 120.000 m3. The average hydraulic head
(gross) of the pumped storage scheme can be estimated
with approximately 400 m. The possible layout and
basic dimensions of a typical pumped storage facility
based on the presented design parameters are shown in
Figure 2.5.

Benefit and Cost Streams – Financial Analysis
The purpose of the financial project analysis is the assessment of whether future benefits of the power project
are worth the investment required. Furthermore, if a
certain choice of investment or financing decision is
more beneficial than other existing alternatives, the advantages must be quantified by a certain standard.
Only values which can be expressed in monetary terms
are included in a financial project assessment. “In the
case of hydropower, the direct benefit from the project
is the electric power and energy generated. These benefits can be quantified in monetary terms through the
price the public is willing to pay for this commodity”
(Ravn 1992).

Figure 2.5: Preliminary dimensioning of pumped storage plant

Waterways and mechanical equipment of the plant are
designed to allow for transformation of the entire active
storage volume into electric energy and vice versa
The IMRE Journal

Discounted Cash Flow Method
All capital investments possess a time value and attract
interest. When money is used for a capital investment it
is diverted from other productive uses. The cost of capital is consequently an opportunity cost and a capital
investment can only be justified if its return on money
is at least as high as the return generated through alternative opportunities of comparable risk. The project’s
cash flow (CF) presents the incidence of costs and
benefits over the period of analysis of a given project
and the discounted cash flow (DCF) model converts the
cash flow for a project to a single present value by discounting it from year to year. Inputs to the cash flow are
positive for benefits (or revenues) or negative for costs.
DCF methods are widely used for project analysis and
project appraisal due to their simplicity as well as easy
computerisation by means of financial calculators and
spread-sheet software. “By definition, the cash flow
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must include all expenditure incurred on a project during its development up to implementation, during its
construction and during its operation until the end of
the study period […]…the cash flow is a common tool
for measuring the financial performance of an enterprise and has become one of the essential instruments
for project analysis” (Goldsmith 1993).
An example showing the typical cash flow related to a
hydropower development and the corresponding costs
and benefits is depicted in Figure 3.1.
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In addition to NPV and IRR the employed DCF model
also calculates the benefit cost ratio (B/C ratio) for each
project alternative.
4 Evaluation of the Financial Project FeasibilFeasibility
Technical parameters and expected costs Solar Energy
The installed capacity of the Solar Park amounts to
nominal 10.719 kW peak and 9.701 kW peak at operating conditions. The prospective annual energy production of the Solar Park amounts to 12.445 MWh as calculated in a simulation for the specific location based
on statistical data. The individual cost items of the Solar
Park components as per year 2012 are listed in the following Table 4.1.
Position

Figure 3.1: Typical Cash Flow (CF) distribution for a hydroelectric power project

Feasibility Indicators – Indices of merit for a
selected scheme
The net present value (NPV) methodology has developed into a widely established tool for supporting investment decisions and is used for the financial analysis
of different project alternatives. The methodology is
considered theoretically reliable and normatively suggested by many corporate finance textbooks such as
Rachlin (Rachlin 2001), Ross (Ross et al. 2006), Rollwage (Rollwage 2006), Dörsam (Dörsam 2007) and
Rolfes (Rolfes 2003). Yescombe summarises the subject as follows:
“…to measure the return to investors from cash flows
occurring at different times it is necessary to reduce
these to a common basis through discounted cash flow
calculations. Two interrelated measures are commonly
used: the net present value of a cash flow (NPV), and
the internal rate of return (IRR), both which are measures of a future cash flow adjusted for the time value of
money” (Yescombe 2006).
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Costs [€ per kWp]

Photovoltaic panels

750

Solar-inverters

150

Support structure

200

Cabling

50

Design and planning

100

Miscellaneous other costs

150

Total costs (direct costs)

1.600

Table 4.1: Cost estimation for components of the Solar Park

As illustrated in Figure 4.1, provided by the Fraunhofer
Institute for Solar Energy Systems (ISE 2012), the costs
of solar power generation plants are expected to decrease in future years (refer to the hatched area between
yellow and orange coloured curves). Since the construction of the Solar Park is scheduled for 2017, the total
costs of the necessary components are estimated at
1.400 € instead of 1.600 € per kW peak installed capacity.
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Engineering, Supervision etc.
Total costs (direct costs)

2,0
24,0–28,8

Table 4.3: Cost estimation for Wind Farm

Figure 4.1: Expected future development of power generation costs

Costs for grid connection, site access and infrastructure
must be added and a safety factor of 1,15 is considered
to cover project risks and unexpected costs. In total the
capital expenses (CAPEX) for the construction of the
10 MW solar park amount to approximately
18.750.000 € as summarised in Table 4.2.

In addition to the above listed cost items as depicted in
Table 4.3, project risks, unexpected and unforeseen
costs etc. are covered with an additional safety margin
amounting to 20% of the direct costs. Annual costs for
operation and maintenance of the scheme are estimated
at 280.000 €. In line with the other components of the
HES, the project life comprises a 30 year period. Reinvestments during the project life are estimated at 15%
of the initial CAPEX and consequently amount to
4.500.000 € in total.
Technical parameters and costs for the designed PSP
The technical design parameters of the PSP as based on
detailed hydraulic calculations are summarised in Table
4.4.

Table 4.2: Total construction costs for Solar Park

Annual costs for operation and maintenance are estimated with 300.000 € as suggested by the Fraunhofer
Institute for Solar Energy Systems (ISE 2012). Necessary re-investments during the project life covering a 30
year period are estimated with 20% of the initial
CAPEX and amount to 3.750.000 €.
Technical parameters and expected costs
Wind Farm
The Wind Farm, which also forms part of the investigated hybrid energy project, consists of 4 to 6 wind
turbines with an installed capacity amounting to
13,5 MW in total. The annual energy production has
been estimated with 50.000 MWh by means of a simulation model. Overall costs for the wind park (CAPEX)
are expected to amount to about 30.000.000 € and can
be summarised as follows:
Position
Wind Turbines

Costs [Mio. €]
12,0–13,8

Balance of Plant (foundations, cabling etc.)

4,8–7,5

Access Roads, Transportation and Infrastructure

2,8–4,8

Grid Connection
The IMRE Journal

0,8

Table 4.4: Technical design parameters for pumped storage plant

During initial planning stages the calculation of construction costs for a complex infrastructure project such
as the PSP represents an extremely difficult task. Since
exact quantities and factual unit prices are not available
construction costs can only be roughly estimated. At
this project stage, the estimate must be based on spe-
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cific costs (e.g., € per m of reinforced concrete, € per
m3 of excavated material or € per KW installed capacity), which does not provide a high level of precision
and various cost items need to be estimated as lump
sum expenditures (compare Beisler 2011).
Necessary re-investments related to the pumped storage
facility are estimated at 10% of the original investment
costs and are expected to become relevant after 15 years
of project operation. Since these costs do not occur at a
specific point of time, these expenditures are considered
in the financial model as negative cash flows covering a
period of 4 years. Based on experience from existing
pumped storage schemes, the annual costs of operation
and maintenance are estimated at 1 % of the capital
expenditures as a lump sum.
The main cost components for the Pumped Storage
Plant are summarised in Table 4.5.
Cost Estimation for Pumped Storage Plant
Main Components of PSP

Estimated Costs

Upper Storage Reservoir

€

Intake Structure Upper Storage Reservoir

€

960.000

Penstock

€

6.960.000

(Shaft) Powerhouse

€

16.300.000

Tailrace Structure

€

170.000

Intake Structure Lower Storage Reservoir

€

1.390.000

Lower Storage Reservoir

5.090.000

€

5.090.000

€

1.040.000

Direct Construction Costs

€

37.000.000

Site Investigation / Field Studies

€

500.000

Engineering

€

2.660.000

Environmental Impact Assessment

€

500.000

Total Project Costs

€

41.400.000

Specific Costs (related to installed turbine capacity) [€/KW]

€

2.140

Specific Costs (related to annual energy production) [€/KWh]

€

0,98

Annual Operating Costs

€

410.000

Other Miscellanious Costs

1)

1) Cable duct & earthing, grid connection; filling of storage reservoir etc.

Table 4.5: Cost estimation for PSP

Input parameters for Financial Model
In line with the Solar Park and Wind Farm the asset life
of the pumped storage plant’s components is considered
with a project life covering a 30 year period. The residual value (salvage value) of the PSP is estimated with
30% of the initial CAPEX whereas no residual values
are considered for the associated power generation facilities Solar Park and Wind Farm.
The construction time for the pumped storage scheme is
expected to take 3 years and costs are anticipated to
arise at a ratio of 30%, 30% and 40% during the years
of the construction period. The required construction
time for the Solar Park and Wind Farm is expected to
comprise one year. With regard to the timely occurrence of project costs and revenue generation, the fiThe IMRE Journal
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nancial project analysis is based on the assumption that
construction works for the PSP commence on
01.01.2015 and the start of operation is not later than
01.01.2018. A scenario analysis has been used for the
financial project analysis comprising a worst case, mean
case and best case scenario. CAPEX are increased by
25% (worst case) or reduced by 10% (best case) for the
financial analysis of the PSP to account for project risks
and uncertainties. For the financial analysis of the Solar
Park and the Wind Farm, CAPEX are increased by 15%
(worst case) or reduced by 5% (best case) since these
developments are technically less demanding with
lower risks involved.
The annual costs of operation and maintenance of the
power generation scheme escalate with an increment of
2% to account for general price increase and inflation.
As indicated by the black curve of Figure 4.1 and various other current market studies (e.g. Frontier Economics 2011), the expected price increments for electric
power are expected to be in a much higher range than
the increase of the overall price level. Therefore, the
financial model uses an annual escalation of 4% for
power tariffs. The discount rate for the subsequent financial project analysis has been selected at 6 %.
5 Financial Project Analysis
The prediction of future power generation costs and
electricity prices is a highly complex and difficult task
involving various areas of uncertainty. Therefore future
power tariffs cannot be predicted with a high level of
accuracy. The black curve depicted in Figure 4.1 illustrates the possible development of generation costs
based on a mix of fossil and nuclear power as predicted
by the Fraunhofer Institute for Solar Energy Systems
(ISE 2012). For 2018, which signifies the start of operation of the assessed Hybrid Energy System, the level of
generation costs is expected between approximately
70 € and 80 € per MWh. This price range serves as a
guideline for the calculation of possible project revenues and for the subsequent financial project analysis a
remuneration of 75 €/MWh by 2018 is considered to
present a realistic figure that can be used to calculate
possible project revenues.
The project revenue generation through the supply of
electric power can be substantially increased in case
that the power plant operator is identical or works in
close co-operation with a main industrial power consumer such as a ski lift and cable car operator.
Based on figures taken from the skiing region of Sölden
in Austria, the annual power requirement has been es-
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timated with 15.000 MWh. This power has to be purchased at the power market at rates indicated in the following Figure 5.1. With regard to industrial consumption, price developments are expected to reach a level of
approximately 140 € per MWh in year 2018 (refer to
the pink area).
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SOLAR PARK (stand alone, feed in tariff of 75€/MWh)
Best Case

4,2 %

-3,1

0,83

Mean Case

3,8 %

-3,8

0,80

Worst Case

3,0 %

-5,9

0,72

SOLAR PARK (stand alone, avoided costs of 3GW at 140€/MWh)
Best Case

6,0 %

0,1

1,00

Mean Case

5,7 %

-0,6

0,97

Worst Case

4,7 %

-2,7

0,87

WIND FARM (stand alone, feed in tariff of 75€/MWh)
Best Case

15,6 %

34,8

2,32

Mean Case

14,9 %

33,6

2,23

Worst Case

13,2 %

30,3

1,99

WIND FARM (stand alone, avoided costs of 6GW at 140€/MWh)
Best Case

17,1 %

41,1

2,57

Mean Case

16,3 %

40,0

2,46

Worst Case

14,5 %

36,6

2,19

Figure 5.1: Electricity/Remuneration rates under RE Sources Act

Table 5.1: Financial Analysis Solar Park and Wind Farm

In this context it has to be taken into consideration that
the annual power production of the Wind Farm amounts
to 50 GWh in total, whereas the Solar Park annually
generates 12,5 GWh only. Adequate reductions for the
possible amount of self-consumption have to be made
since the fluctuating power supply of both facilities is
unlikely to constantly satisfy the actual demand. Furthermore, the power production of the Solar Park is
greatly reduced during winter time when power demand
reaches its highest level. The described restrictions lead
to a negative effect for potential revenue generation.
With regard to the financial model the following assumptions have been made:
• The total annual power requirements of the considered area amount to min. 15 GWh.
• In case of self-generation/self-consumption, the
avoided costs for electricity covering the required
power amount to 140 - 75 = 65 € per MWh.
• The Wind Farm with its annual power generation
capacity of 50 GWh has the ability to supply 40% of
this demand, which equals 6 GWh per year.
• The Solar Park with its annual power generation capacity of 12,5 GWh has the ability to supply 20% of
this demand, which equals 3 GWh per year.

The results of the analysis indicate that, based on the
estimated project costs and anticipated revenues, the
Solar Park cannot be rated as profitable for any of the
investigated scenarios. This conclusion is validated by
the negative NPV (net present value) and a B/C (benefit
cost) smaller than one. Although the financial project
analysis based on the alternative remuneration provides
more attractive results, a positive NPV can only be obtained for the best case scenario.
For the assessed Wind Farm the results of the financial
project analysis indicate a profitable project for both
scenarios. As expected, scenario 2 appears even more
attractive achieving higher profits due to better remuneration rates that reflect the avoided cost for 6,0 GWh
of annual power that otherwise would have to be purchased from the power market.

Financial feasibility of the Solar Park
The results of the financial analysis for the specified
Solar Park and the Wind Farm are presented in Table
5.1.
Scenario

IRR

NPV
[Mio.€]

The IMRE Journal

B/C ratio

Financial feasibility of the Pumped Storage
Plant
Load Balancing - revenues through peak/offpeak operation:
The spread between peak energy and off-peak energy
traditionally represents the main source of income for
pumped storage plants. The European Energy Exchange
(EEX) can be used as a guideline for power tariffs that
may be used as a basis to calculate the project’s future
revenues. The power trading tariffs from the EEX can
be used as an indication for the future PSP expenditures
required for pumping at off-peak times as well as revenues that can be generated through turbine operation
during peak periods.

Page 12

Hybrid Energy Production, Financial Feasibility Of a
Combined Solar/Wind Pumped Storage
Hydropower System

The integration of RET has led to a considerable reduction of the spread between peak and off-peak electricity
prices within the German electricity market. A general
drop in the price level occurred as a result of the liberalisation of the European power market. Furthermore
the additional power provided through solar energy
plants during daytime results in a considerable reduction of peak prices while Germany’s shut down of
nearly 50% of its inflexible nuclear power plant capacity leads to higher off-peak prices during night time due
to the reduced supply. Although the general tendency of
increasing electricity prices is still intact former peak
price levels for the traded power are presently not
reached any more. The described power tariff development is depicted by the German energy provider EnBw
(Zimmer 2011) in the following Figure 5.2.

Figure 5.2: Peak prices and spread within the German electricity
market

Due to a considerable reduction of the peak/off-peak
price spread during recent years electricity prices from
year 2008 have been selected for the calculation of potential project revenues. However, due to the feed-in of
higher amounts of RE and a general transformation of
the existing power markets it is presently highly questionable if a similar price spread will again be reached
in the future.
Based on the hourly figures provided by the EEX a
price chart can be generated as illustrated in Figure indicating the price variations for a selected period.

Matthias Beisler

Figure 5.3: EEX prices for 2008

The assumption of 6 hours of pump operation as well as
6 hours of daily turbine operation results in a peak/offpeak ratio of approximately 2:1 (90 €/MWh peak and
45 €/MWh off-peak). Through incorporation of the
above assumptions into the discounted cash flow model
a financial project analysis can now be carried out for
the PSP based on project revenues generated through
load balancing. Necessary re-investments, which
amount to 10% if the CAPEX are taken into account
over a 4 year period after 15 years of operation. The
residual value of the PSP after completion of the project
life has been estimated with 30% of the CAPEX.
The results of the analysis indicate that, based on a
spread of 2:1 between peak and off-peak power tariffs,
the project cannot be rated as profitable if revenues are
generated through load balancing. This confirms the
experience gained through the operation of existing
large scale developments demanding a peak/off-peak
spread ratio of approximately 3:1 to ensure a profitable
project.
Scenario

IRR

NPV

B/C ratio

[Mio.€]
Hybrid Energy PSP (stand-alone, spread peak/off peak of 2:1)

Best Case

3,0 %

-11,6

0,68

Mean Case

2,4 %

--14,8

0,62

Worst Case

1,3 %

-23,0

0,52

Hybrid Energy PSP (stand-alone, spread peak/off peak of 3:1)

Best Case

7,3 %

6,0

1,16

Mean Case

6,6 %

2,7

1,07

Worst Case

5,0 %

-5,5

0,89

Table 5.2: Financial Analysis for the PSP (peak/off-peak spread of
2:1 and 3:1)

A spread of 3:1 between peak and off-peak power tariffs (90 €/MWh peak and 30 €/MWh off-peak) has a
distinctly positive effect on the profitability of the PSP
as summarised in Table 5.2. An internal rate of return
The IMRE Journal
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amounting to 6,6 % can be achieved for the mean case
scenario and the amortisation of the project requires
approximately 19 years as illustrated in Figure 5.4
showing the accumulated cash flows for the project.

Figure 5.4: Accumulated CF for PSP (peak/off-peak spread of 3:1)

In case that the upper reservoir is supplied by a natural
inflow, an additional power generation potential of
approximately 1.000 MWh per year may be taken into
account after deduction of a minimum residual flow that
needs to be maintained due to environmental reasons.
Although resulting additional benefits cannot
compensate for an insufficient peak/off-peak spread, the
beneficial effect on the overall project profitability is
noticeable through an internal rate of return increasing
from 2,4 % to 3,0 % for the mean case scenario.
If the Hybrid Energy Scheme is planned as a multipurpose project, which also stores water for snow making purposes, the costs for an alpine storage reservoir
containing an overall storage volume of 135.000 m3
(approximately 2.000.000 €) can be deducted from the
CAPEX of the PSP increasing the IRR by another
0,3%. The incorporation of the alpine reservoir into the
pumped storage scheme will also guarantee a sufficient
water supply during winter for snow making purposes.
However, since these benefits resulting from operational synergies are difficult to quantify in monetary
terms they will not be further assessed.
Revenues through the provision of balancing
power:
The transmission system operators (TSOs) carry the
responsibility for system stability, which gives rise to
costs, as the control power and the provision of control
reserve must be paid for. Since 2001, the German TSOs
have been procuring their required primary control reserve, secondary control reserve and minute reserve,
which differ according to the principle of activation and
The IMRE Journal
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their activation speed on an open, transparent and nondiscriminatory market for control reserve according to
the guidelines of the Federal Cartel Office (Bundeskartellamt). Procurement is ensured through competitive
bidding on a tender basis in the German control power
market with participation of numerous bidders (both
plant operators and electricity customers).
As from January 2009, negative energy prices have
been possible and since June 2011, the BNetzA
(Bundesnetzagentur) fixed the minimum supply offer
for secondary control reserve at 5 MW. Capacity fees
(€/MW) for secondary control reserve have been published for the years 2008 to 2012. The data of 2011 has
been used as a basis for the profitability assessment of
the hybrid energy pumped storage plant and indicates
the following possible revenues (refer to the website
www. Regelleistung.net):
•

Annual revenues through
pump operation (NEG_HT):

25.063 €/MW

•

Annual revenues through
pump operation (NEG_NT**): 76.849 €/MW

•

Annual revenues through
turbine operation (POS_HT*):

23.294 €/MW

Annual revenues through
turbine operation (POS_NT):

48.103 €/MW

•

* POS_HT = Product code for positive secondary control reserve to be
provided between the hours of 08:00h and 20:00h from Monday through to
Friday (excluding public holidays applicable to all of Germany).
** NEG_NT = Product code for negative secondary control reserve to be
provided between the hours of 00:00h and 08:00h as well as between
20:00h and 24:00h from Monday through to Friday (excluding public
holidays applicable to all of Germany) as well as all day on Saturday,
Sunday and public holidays applicable to all of Germany.

Based on the installed capacity of 19,3 MW for the PSP
for turbine operation and 26,9 MW for pump operation,
potential annual project revenues based on the provision
of balancing power comprise the following:
•
•
•
•

NEG_HT:
26,9 MW x 25.063 €/MW =

674.195 €

NEG_NT:
26,9 MW x 76.849 €/MW =

2.067.238 €

POS_HT:
19,3 MW x 23.294 €/MW =

449.573 €

POS_NT:
19,3 MW x 48.103 €/MW =

928.288 €
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Total annual revenues:
~ 4.120.000 €
Due to the highly unpredictable future market situation
for balancing power the escalation of revenues has been
limited in the DCF model to 1% only instead of 4% for
peak/off-peak operation. The consequences on the profitability of the project caused by the alternative operation are summarised in Table 5.3.
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proximately 500.000 €. For access/infrastructure, expenditures of only 500.000 € have to be taken into account instead of 1.500.00 € since those activities are
already included in the works related to the construction
of the PSP. Due to the coordinated approach for planning, approval, construction and operation of the HES,
the safety margin covering risks and unexpected costs
for the Solar Park can also be reduced from 15% to
10% of the total costs resulting in a decreased total of
16,5 Mio. € for the Solar Park as summarised in Table
5.4.

Table 5.4: Reduced construction costs for Solar Park

However, a calculation using the DCF model based on
the above CAPEX demonstrates that even this additional cost reduction cannot ensure the profitable construction and operation of the Solar Park, since the
mean case of the scenario analysis reveals a NPV of 1,5 Mio. €, which equals an IRR of 5%.
Table 5.3: Financial Analysis of PSP, provision of balancing power

The accumulated cash flows based on the provision of
balancing power are visualised in Figure 5.5.

Figure 5.5: Accumulated CF for PSP (providing balancing power)

Project planning and operation as Hybrid Energy System
In case that the Solar Park, the Wind Farm and the PSP
are developed together as one Hybrid Energy System,
certain cost savings can be realised for the construction
as well as the operation of the development’s individual
components. E.g. the costs for grid connection related
to the Solar Park can be reduced from 800.000 € to apThe IMRE Journal

As demonstrated in the subsequent analysis possible
benefits resulting from the efficient management of
power generation and power storage have a much more
pronounced effect on the project’s financial feasibility.
Provided that the fluctuating power generation of the
plant is linked to the pumped storage scheme, a significantly higher portion of the total annual power generation amounting to 12.445 MWh can be used for selfconsumption reflecting a remuneration rate of
140 €/MWh.
Considering the PSP’s power storage capacity, it is assumed that the efficient management of the Solar Park’s
power generation in conjunction with power storage
facilitates the control of power supply to such an extent,
that 85 % of the generated power can be used for selfconsumption. This segment amounts to 10,5 GWh per
year, which represents 70 % of the 15 GWh consumed
annually. For the financial model, a weighted tariff of
129,9 €/MWh can be used to calculate annual project
revenues. The results of the financial project analysis
are summarised in Table 5.5.

Page 15

Hybrid Energy Production, Financial Feasibility Of a
Combined Solar/Wind Pumped Storage
Hydropower System

Matthias Beisler

shows negative NPVs only for the worst case scenario
and denotes an IRR of 7,0 % for the mean case.

Table 5.5: Financial Analysis Solar Park (integrated into HES)

The results of the financial project analysis demonstrate
that the efficient control and management of the Solar
Park’s power generation ensures a significantly more
profitable operation of the plant. The profitability of the
project is indicated through positive NPVs for all investigated scenarios with an internal rate of return amounting to 10,7 % for the mean case. It must be highlighted
that this significant improvement of the project’s profitability is based on the assumption that 85 % of the generated power can be managed through the control by the
PSP due to the operation as a HES. This deduction obviously requires verification by means of an adequate
simulation model replicating detailed power supply and
demand scenarios based on statistical data. Furthermore, project revenues should be calculated based on
verified remuneration tariffs, which is not feasible
within the scope of this study.
In order to obtain an indication regarding the magnitude
of necessary storage requirements a further analysis is
required to be carried out investigating to what extent
the annual power generated by the Solar Park needs to
be traded for a more beneficial tariff to achieve a profitable project. A couple of iterative calculations by means
of the financial model reveal that an amount of
3,5 GWh per year can be regarded as a benchmark. This
quantity represents 28 % of the Solar Park’s annual
power generation, which can be considered as a relatively conservative figure.
Table 5.6 demonstrates the possibility of a profitable
project provided that min. 3,5 GWh of the Solar Park’s
annual power generation can be used for selfconsumption. The cash flow analysis (Figure 5.6)
The IMRE Journal

Table 5.6: Financial Analysis Solar Park (self-consumpt. 3,5 GWh)

Figure 5.6: Accumulated. CF for Solar Park (self-consumption of
3,5 GWh)

The same principle as employed for the Solar Park also
applies for the assessment of the Wind Farm. Since the
annual power production of the Wind Farm is significantly higher, amounting to 50 GWh, it is justified to
assume the coverage of an even higher amount of selfconsumption (e.g. 90% of the annual requirement of
15 GWh).
Since the power generation of Solar Park and Wind
Farm complements each other (periods of reduced sunshine are often characterised by a higher wind speed
and vice versa) the operation of a HES combining both
sources for power generation should guarantee coverage
of min. 95 % since the total annual power production
amounts to 62,5 GWh. In this case 14,25 GWh per year
can be taken into account with regard to avoided costs,
which exceeds the annual power generation of the Solar
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park itself. The annual cost savings amounting to almost 2 Mio. € must be distributed between the two
sources of power generation at an adequate ratio. Since
the study only aims to provide a comparative analysis
of possible operational scenarios the financial analysis
is at this stage not carried out in a more detailed manner.
6 Summary of conclusions and further reresearch
As described in the power market study, the success and
timely implementation of Germany’s energy turnaround
will highly depend on the efficient integration of
renewable energies into the electricity system.
Expansion and reinforcement of the power grid as well
as the control and storage of electrical energy represent
the most urgent requirements for balancing the
intermittent power generation. To evaluate the financial
viability of hybrid energy generation, a 10 MW Solar
Park and a 13,5 MW Wind Farm have been designed in
conjunction with an appropriately dimensioned decentralised PSP, which can be used for storing the fluctuating power generated by the associated plants. The dimensions of the PSP have also been suitably selected to
facilitate the utilisation of existing infrastructure such as
alpine reservoirs for snow making purposes. Preliminary cost estimations have been prepared for all three
individual components of the HES and the potential
annual power generation has been calculated based on
statistical data available for the selected location. A
cash flow model was generated to assess the financial
feasibility of the development based on several specific
scenarios for remuneration.
The financial analysis of the Solar Park showed that,
based on the existing tariff projections for a future
competitive power market, the implementation and operation of a stand-alone arrangement is commercially
not viable. The profitability of the Solar Park can be
increased if a certain amount of the generated power
can be utilised for self-consumption. However, due to
the intermittent character of power generation the possibility of generating higher profits is very limited without energy storage and project revenues still do not justify the investment for the plant. Compared to the Solar
Park, the Wind Farm appears to represent a much more
attractive investment due to a higher annual energy
yield resulting in comparably lower specific costs.
Again the possibility of achieving higher remuneration
rates through avoided costs in case of self-consumption
further increases the profitability of the power plant.
The IMRE Journal
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The Pumped Storage Plant can generate revenues either by means of load balancing through peak/off-peak
operation or alternatively through the provision of balancing power. In case of load balancing, the financial
analysis clearly indicates that the spread between peak
and off-peak electricity prices must reach a ratio of at
least 3:1 to guarantee a profitable project. Since present
market conditions reflect a spread even below 2:1 and
clear indications for future improvements are not evident, the motivation to finance PSPs is currently rather
low amongst potential investors. The financial project
analysis also demonstrated the extent to which the existence of a natural inflow into the upper reservoir may
increase project revenues but the gain in profitability
reaches only an order of 0,5 %. Possible cost savings
through the use of existing infrastructure such as alpine
reservoirs may further increase the profitability by a
similar magnitude.
Based on capacity fees for secondary control reserve,
which are published on a weekly basis by the German
control power market, an alternative analysis has been
performed simulating revenue generation through the
provision of balancing power. The results of this financial analysis indicate a much more profitable project
providing an internal rate of return reaching 8 % for the
mean case scenario. However, it is questionable if the
figures taken from the control power market represent a
reliable basis for a major investment decision since the
entire market presently only comprises a total capacity
of approximately 3.000 MW and accurate projections
regarding possible future tariff developments are not
possible.
The implementation of a Hybrid Energy System,
which combines all the above components for power
generation and storage, offers certain advantages, which
may lead to considerable improvements for the financial project feasibility. Design, construction and operation as one scheme allows for certain major cost savings
since the expenditures for site access, implementation
of necessary infrastructure, grid connection etc. do not
require expenditures for each individual element of the
arrangement. Apart from the reduced CAPEX, the storage of intermittent power generation by the operating
HES opens possibilities for more attractive revenue
generation. The operational benefits from the power
storage capacity provided by the HES can only materialise financially if the controlled management of power
supply is appropriately valued. One possible scenario
that ensures adequate remuneration for the established
power management is represented by the option of sav-
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ing electricity costs if the generated power can be taken
into account for self-consumption. In this case, the associated storage facility ensures that the amount of
power attracting higher project revenues (in form of
avoided electricity costs) can be maximised leading to a
profitable project. As long as the existing power market
does not establish suitable instruments that appropriately value the benefits of such a scheme provides for
the power grid operation, the financial benefits of the
arrangement do not necessarily justify the required investment.
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