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Abstract

Market Requirements for Pumped Storage
Profitability

Karin Salevid

The rapid integration of intermittent renewable energy sources (IRES) has caused a
growing demand for power system flexibility on energy markets all over Europe.

Being the only commercially proven large scale energy storage technology, pumped
storage hydro power (PSHP) has by several studies been suggested as an efficient
solution to mitigate the impact of IRES. However, despite the perceived technical
demand profitability remains as a major obstacle for PSHP development.

In this study, a market requirement for PSHP profitability, defined in terms of price
volatility, is presented. Considering capital and operational expenditures as well as
modelled potential price arbitrage revenues for a greenfield PSHP plant, it may be
used as a tool for initial assessments of PSHP profitability in relation to market
outlooks or modelled future prices. The results have further been used in a case
study, where the price volatility required to motivate a restoration of the now
decommissioned Swedish PSHP plant Juktan has been determined.

The results show that the high capital expenditures characterising PSHP development
do comprise in a high risk for developers; while feasibility depends on the sustainment
of a highly volatile price climate during several decades, energy markets are often
extremely uncertain.
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Sammanfattning
Ett elsystem är beroende av att exakt balans hela tiden upprätthålls mellan genererad 
och konsumerad effekt. Denna jämvikt har traditionellt hanterats genom att 
produktionssidan i elsystemet anpassats efter förbrukningens variationer. När nu en 

allt större andel intermittent generering, som inte är styrbar på samma sätt som den 
traditionella, integreras i elsystemet höjs kraven på dess flexibilitet: variabilitet och 

oförutsägbarhet måste nu hanteras på både produktions- och konsumptionsidan i
systemet.

Storskaliga nätanslutna energilager är ett effektivt sätt att öka flexibiliteten i ett 
elsystem och därmed underlätta integreringen av förnybar energi. En snabb teknisk 
utveckling på senare år har gjort att pumpkrafttekniken, en sedan länge etablerad 
energilagringsteknik, blivit extremt väl anpassad för att erbjuda den typ av flexibilitet 
som ett intermittent elsystem behöver. Tekniken karakteriseras dock av höga
kapitalkostnader, och trots dess tekniska förtjänster är lönsamheten ofta inte tillräcklig 
för att motivera en investering.

I den här rapporten presenteras en metod för att bestämma vilka 
marknadsförutsättningar som krävs för att en pumpkraftinvestering ska bli lönsam. 
Det framtagna marknadsvillkoret tar hänsyn till kostnader (kapital- och driftkostnader) 
samt potentiella intäkter för ett pumpkraftverk med en genereringseffekt motsvarande 
335 MW. Intäkterna har beräknats genom en för ändamålet utvecklad modell, vilken 
har matats med historiska prisdata från Sverige och Tyskland. Måttet är tänkt att 

kunna användas i relation till långsiktiga marknadsmodeller och prisprognoser vid en 
första bedömning av lönsamheten i en pumpkraftinvestering på en specifik marknad, 

varför det varit viktigt att hålla analysen fri från antaganden om framtida 
marknadsutveckling.

Den framtagna metoden har i rapporten vidare använts för att beräkna marknadskravet
för att motivera en renovering av den numera nedlagda pumpkraftanläggningen Juktan
utanför Storuman i Västerbotten.

Sammantaget kan det konstateras att en signifikant prisvolatilitet krävs för att en 
pumpkraftinvestering ska löna sig. Eftersom denna prisvolatilitet dessutom måste 
kvarstå under hela anläggningens kalkylerade livslängd, vanligen från 30 år och uppåt,
blir investeringen kopplad till en stor risk.
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Definitions and abbreviations

CAPEX Capital expenditures

Discount rate Expected return on invested capital used to calculate present 

value. Herein used interchangeably with interest rate.

EEX European Energy Exchange – market place trading electricity, 

natural gas, CO2 emission allowances and coal. The three spot 
markets for electricity covers Germany/ Austria, France and 
Switzerland.

ENTSOE-E European Network of Transmission Operators

EPCCI European Power Capital Cost Index

Greenfield project Investment where no previous facility exist

HICP Harmonized Indices of Consumer Prices

IRES Intermittent Renewable Energy Sources

LFC Automatic Load Frequency Control. Centrally activated auto-
matic frequency control that is currently on trial in the Nordic 
power system. 

Net load Defined as the load (consumption) minus intermittent genera-
tion for each hour.

Nordpool The Nordic market place for electricity trade

NREAP National Renewable Energy Action Plan. A country specific 

road map published by all EU member states in 2010. Presents 
how each member plans to reach their commitments in the EU 

20/20/20 target.

O&M Operation and maintenance

OPEX Operational expenditures

Present Value The discounted value of future incomes and/or costs

PSHP(P) Pumped storage hydro power (plant)

SvK Svenska Kraftnät - the Swedish TSO

TSO Transmission system operator
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1 Introduction

In this first chapter, the reader will be given a brief introduction to the power system 
and its future challenges. Coupled with a short presentation of pumped storage hydro 

power (PSHP) and its characteristics, the purpose and aim of the work will be 
defined. Subsequently, the case study of the project will be described.

1.1 Background

1.1.1 Power markets in transformation – the renewable revolution

The European power market is changing. Ambitious goals aiming to reduce CO2 

emissions and security of supply have fuelled a rapid increase of intermittent renew-
able energy sources (IRES) on power markets all over Europe. Sweden is no excep-
tion; between 2002 and 2012 the annual wind power production increased from 0,6
TWh to slightly over 7 TWh – a more than tenfold increase in a decade. While wind 
power still only accounted for about 5% of the total annual energy production in 
Sweden, the rapid growth is expected to continue [1], [2].  

However, while the renewable generation sequentially enables a less fossil dependent 
future, its inherent variability also brings new challenges to the power system. A

functional power system depends on the real time balance between supply and 
demand; power consumption and power production must at all times be equivalent. 

The renewable generation however, much of it being inherently variable and only 
partly predictable, adds a new type of uncertainty to power systems [3]. When discrep-
ancies between power production and power consumption increase, an enlarged need
for system flexibility is created. Large scale, grid connected energy storage facilities 
could help mitigate this impact [4].

1.1.2 Pumped storage hydro power – revival of a conventional technology 

Pumped storage hydro power (PSHP) is a mature technology for energy storage, and 
also the only commercialized large scale grid connected energy storage option. 

The working principle is basically the same as in a traditional hydro power plant; two 
large water reservoirs on different levels are connected with a penstock. The head, 
created by the difference in altitude between the reservoirs, is exploited by a turbine
coupled with a grid connected generator. In contrast to a traditional hydro power 
facility however, a PSHPP is also fitted with a pump. Consequentially, the setup 
enables the facility to store energy; during hours when electricity is cheap water can 
be pumped to the higher reservoir, saving it for discharge it at high priced hours. 



Page 2 (54)

As large scale energy storage, the PSHPP may thus be used to compensate for dis-

crepancies in power production and power consumption over time. Moreover, new 
PSHP technology also allows for the provision of a range of grid services to the mar-

ket. With a round trip efficiency of approximately 75 to 80% and a very low self-dis-
charge1, PSHP has in several studies been suggested as a key solution for managing
large scale integration of intermittent renewable energy sources (IRES) [5],[3],[6]. 

Furthermore, it has also been shown that PSHP could help increase system efficiency, 
reduce system cost and add value to renewable assets; especially on energy markets 

with low generation flexibility [7], [8]. Hence, after hibernation during 90’s and 00’s,
the interest for PSHPP development experienced a surge in Europe with the introduc-

tion of ambitious goals for renewable energy [5].

1.1.3 Price volatility – the essence of pumped storage hydro power revenues

The business principle for any energy storage facility is simple; electricity is bought 
off the grid when prices are low, stored, and sold back to the grid when prices are 
higher. In order to make profit on this operation the market needs to be sufficiently 
volatile; amplitude of prices as well as the frequency of variations has to cover both 
the energy losses in the process as well as operational and capital costs. The same 
logic applies for grid service provision.

Hence, it is not primarily the technical benefits of storage that will decide if and when 
to invest in PSHP; it is not until this need is mirrored by the market through sufficient 
price volatility that a real economic viability can be realized. 

On the current market, despite a perceived technical need for storage, profitability 
remains a major challenge for development; it has been identified as the foremost
obstacle for PSHP development by several studies [9], [6], [10]. Traditionally, PSHP 
earned its mainstay on the daily price differences between peak and off peak hours; 
pumping during night time and weekends when prices where low enabled generation 

during high priced peak load hours in mid day. The close to zero marginal cost of 
production for IRES does however alter the traditional price pattern when integrated in 

the system; hours of high and low prices become increasingly dependant on peaks and 
valleys of the renewable generation. For markets where solar power has gained ground 
this is particularly tangible; solar peak production coincides well with peak system 
load and has hence significantly shaved the traditional peak hour prices [6].

Looking ahead, it is hard to forecast price development and especially price volatility. 
Market models of hourly resolution suggest a future of extreme price volatility with 
less predictable patterns of high and low prices in the wake of renewable integration
                                                     

1 Many other energy storage technologies, such as fly wheels or batteries, suffers from a high self-
discharge, causing their roundtrip efficiency to decrease with time.
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[11]. Whether or not this show to be true is however largely dependant on political 

will; policy decisions and regulations may quickly change the conditions on the 
energy market. 

1.2 Purpose, working process and disposition

Hence, from a developer’s perspective, it is not primarily the technical need for large 
scale energy storage that needs to be assessed in order to evaluate the feasibility of a 

PSHP investment. Rather, it is the market conditions and the expected price volatility
that should be regarded. However, facing a forecast of certain price volatility - how to 

determine if an investment could be feasible? How volatile must the market be to 
ensure PSHP profitability?

If the market conditions required making a PSHP investment feasible could be deter-
mined - independent of future outlooks or scenarios (that quickly could be outdated) -
it could be used as a tool for first assessments on investment.

1.2.1 Aim

The aim of this work is to define a measurable market requirement for when a 
greenfield2 PSHP could be a feasible investment. The market requirement should be 

defined in terms of price volatility and should as far as possible be independent of 
future outlooks, market scenarios as well as of the composition of the energy market.
Furthermore, the measure should preferably not either be dependent on a certain type 
of price volatility (for example peak/off peak).

1.2.2 Case study

The resulting market requirement should further be used to evaluate what is required 

from the market in order to motivate a restoration of the 335 MW PSHPP 
Juktan. The facility, situated in SE2 and built in the late 1970’s, was decommissioned 

in connection to the deregulation of the Swedish electricity market (mid-90’s) due to 
unprofitability. While restoration has been up for discussion several times, it has never 
found to be feasible. Hence, the case study aims to asses the price volatility required to 
motivate a restoration of Juktan.

1.2.3 Approach and limitations

Evaluating feasibility contains two essential parts; expenditures and potential incomes. 

These parts will be handled in two different chapters in the report: the expenditures of 

                                                     

2 Greenfield development is here referring to an investment on a location where no previous facility 
exists.
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PSHP will be assessed through literature review, while the potential incomes will be

analyzed through simulations of a model developed for this purpose. The potential 
incomes will then be further divided in to incomes from price arbitrage on the elec-

tricity market (buying electricity during hours with low market prices and selling 
during hours with higher prices) and incomes from grid services (selling control power 
capacity to the transmission operator used to balance the system in real time). As sug-
gested by Steffen [6]  and Eyer et al [12] price arbitrage revenues will herein be 
regarded as the basis for profitability and thus the basis of the measure, while grid 

service revenues will be regarded as an ‘upside potential’ of investment.

The model for potential incomes will be developed in the Matlab toolbox Simulink. 

Historical price data will be used as input to the model, since forecasted price data 
seldom has high enough resolution to mirror the valleys and hills of prices essential 
for feasibility of an energy storage facility. More importantly, the use of modelled 
prices would make the results dependant on the scenarios and assumptions that the 
model is based on.

Considering that the case study of this project is located in Sweden, the analysis will 
have a focus on the Nordic market. However, conditions for price arbitrage are essen-
tially the same on all deregulated energy markets; hence the core analysis should be 

applicable also to other regions. When it comes to regulating markets however, defi-
nition of products and how they are traded vary significantly between regions why this 

assessment has to be market specific. The Nordic focus will also be visible in the dis-
cussion of renewable impacts on power systems; since wind power development is 
expected to stand for the major intermittent impact on the future Nordic power system 
it is these effects that will be covered.

For all currency conversions aggregated annual average exchange rate for the con-
sidered year has been retrieved from the European Central Bank. Annual Harmonized 
Indices of Consumer Prices (HIPC), retrieved from the European Commission’s sta-
tistical office Eurostat, has been used for inflation correction [14], [13] of historical 
price data in Europe. U.S. inflation has been considered through Consumer Price 
Index (CPI) retrieved form United States Bureau of Labor Statistics [15].

Regarding expenditures and figures on investments, the European Power Capital Cost 
Index (EPCCI) has been used to correct for value changes of power plant specific 

costs such as skilled and unskilled personnel, equipment, facilities, materials etc [16].3

                                                     

3 Costs of these parameters do not necessarily follow inflation; rather, especially since the early 2000’s, 

the cost of power plant construction has had a significant increase compared to inflation. The index tracks 
the costs of construction for a portfolio of power generation plants in Europe, without nuclear.



Page 5 (54)

2 Power systems in change

This chapter provides some basic theory of power systems; their physical characteris-
tics and how energy is traded on the available market places. Further, a brief sum-

mary of the expected impacts of intermittent renewable integration, with focus on wind 
power, is provided.

2.1 Physical properties of a power system

A power system is essentially constituted by three parts: generators, loads and a 
transmission system that connects the two afore-mentioned. In order to operate at the 

nominal frequency (50 Hz in Europe) with an expected quality of electricity, the gen-
erators and loads must at all times be in balance; in every moment, the generated 

power must be consumed.

The kinetic energy stored in the system’s synchronous generators works as a first 

buffer for system imbalances. This essential capacity is usually called system inertia.
If power consumption exceeds power production energy will momentary be taken 
from their rotating masses, decelerating them slightly. The resulting drop in frequency
will trigger the primary control4; locally governed regulators on participating turbines 
that respond when the frequency deviates from 50 Hz by automatically increasing (in 
case of under-frequency) or decreasing (in case of over-frequency) generation.

In order to free activated primary control reserves, the transmission operator (TSO)
calls for further adjustment power; herein called secondary reserves5 that will main-

tain generation at the required level as long as it is needed. An example of the how the 
system handles a frequency drop is provided in Figure 1. While primary and secon-

dary reserves are defined as requirements in the system and procured by the TSO on 
the Swedish market today, system inertia is not [2]. 

                                                     

4 More specifically, primary control - in the Nordic power system - can be divided in FNR (frequency 
controlled normal operation reserve) and FDR (frequency controlled disturbance reserve) where FNR 

handles the normal deviations from 50 Hz while FDR is designed to handle a sudden loss of a large 
generation unit or transmission line in the system. In the grid code detentions from European Network of 
Transmission System Operators for Electricity, ENTSOE-E, the term FCR (frequency containment 
reserves) is used, including both FNR and FDR.

5 Note that what is herein called “secondary control power” may in other works be cited as FRR 
(frequency restoration reserves, ENTSOE-E definition) or “tertiary control power” – the latter since some 
markets have an additional system reserve working in between what herein is defined as primary and 
secondary reserves. This additional product is usually also automatic (as primary control power) but 

centralized (as secondary control power). Such a product – automatic load frequency control (LFC) - is at 
the moment being introduced to the Nordic system but is still on trial.
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Besides active power balance, the power system also requires voltage regulation that 

controls the balance of reactive power in the system. No transparent market for volt-
age / reactive power control exists in the Nordic system today.

Figure 1. Activation of regulating reserves when a frequency drop occurs [20]. Kinetic 
energy is here energy provided from the large rotating masses in the system, alo 
called system inertia.

2.2 The Nordic power market

On a deregulated power market the physical balance requirement is incorporated in the 
market structure by several separated market places. Dealing with different time hori-
zons and resolutions they ensure the physical balance while still enabling trade 
between actors. The actual trade on the integrated Nordic power market is handled by
Nord Pool, the common market place for electricity trade, while the system operator, 

in the case of Sweden Svenska Kraftnät (SvK), is responsible for the physical system 
balance during the operational hour.

2.2.1 Elspot and Elbas

On Nordpool, electricity is traded on the day-ahead market Elspot. Here, the price for 
each hour, from midnight and 24 hours ahead, is set by marginal price dictated by 
supply and demand on the market. The market place closes for bids at noon every day, 
and the final price for each hour is presented within an hour after market closure. 
However, when Elspot has closed, updated forecasts for both generation (especially 
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for IRES) and consumption usually improve, and therefore trade may be continued on 

the intra-day market Elbas. While trade is allowed on Elbas up until one hour before 
delivery on this market, market players may still update their operational plan until ten 

minutes before operation. The succession of market places can be seen in Figure 2. 

Figure 2. An illustration of the responsibility division and the market places for electric-
ity trade in Sweden.

2.2.2 Procurement of primary and secondary regulating reserves

At the hour of operation, the TSO is responsible of maintaining the system balance. In 

order to do this, they procure primary and secondary control power that is activated if 
needed. 

Primary and secondary controls are the only grid services traded on the market in 
Sweden. While primary control is traded on a non-transparent pay-as-bid market, 
secondary control power is procured according to an open bidding list, where the 
cheapest up- or down regulating bid will be called first. The last called-upon bid will 
set the price for secondary control for the procured hour according with the principles 
of marginal pricing [17].

Two types of secondary reserve products are defined: positive control power and 
negative control power. Upward regulation occurs when frequency has dropped below 

50 Hz: additional generation or decreased consumption is needed in order to maintain 
system balance. In this case, the service provider gets paid the marginal price for the

provided positive control power. In the opposite situation, negative control power is 
needed. This can be achieved by decreasing generation in active units or by a com-
parable increase in consumption. The service provider will in this case pay the price of 
the lowest activated bid on the downward regulation list. 
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Since the prices on the down regulation list are lower than spot price for the incum-

bent hour, this means that a generator that had sold energy on the spot market will get 
paid for that electricity, while paying SvK the down regulating price. Ultimately the 

generator will therefore save water/fuel but still get paid (the difference between spot 
price and down regulation price). A consumer on the other hand, who’s bid has been 
activated during down regulation and thereby has increased consumption, will buy the 
electricity from SvK at the down regulation price; thus cheaper than normal spot price.

After the hour of production, the affair is cleared through a balance settlement process, 

aiming distribute the costs of balance keeping on the actors participating causing the 
imbalance. 

2.3 Changing power markets – an intermittent Europe

Following the EU 20/20/20 goals, aiming to reduce CO2 emissions and to ensure secu-
rity of supply, electricity generation from renewable sources has increased rapidly the 
last years, this growth is expected to continue; IEA estimates a growth in renewable 
electricity generation from 905 TWh (2012) to 1271 TWh by 2017 in Europe, and by 
2050 the European Union targets 100% renewable electricity [18]. 

In the Nordic countries, Denmark has taken the lead in the development of wind 
power. With a strong political commitment to continued renewable integration, the 

ongoing development is expected to continue; Denmark’s National Renewable Energy 
Action Plan (NREAP) states a goal of 50% of the nation’s electricity from wind in 

2020, and a 100% renewable energy system by 2035. Due to better profitability of 
hydropower development the wind power expansion in Norway is however expected 
to be rather modest; IEA expects a total installed capacity of 1,3 GW in 2017. 

Regarding Sweden, Svenska Kraftnät concludes that a considerable wind power
development is underway; the TSO had by 2012 received formal applications for wind 

power connections exceeding 20 GW and another 20 GW have been identified on a 
planning stage. Compared to peak demand of approximately 26 GW, or the installed 

hydro capacity in Sweden of 16 GW, far from all of the applications will be realized. 
In SvK’s own development plan for 2025, the total installed capacity is assessed to 
between 7.8-8.6 GW by 2025 corresponding to an annual production of between 17-20 
TWh.6 The Swedish Energy Agency is more moderate in its Long Term Market Out-
look, assuming an annual wind power production of approximately 11 TWh in 2020
while the independent market analytic firm Markeds Kraft estimates the Swedish wind 

                                                     

6 The scenario is said to be rather “green”; assuming that the National Renewable Energy Action goals 

will be achieved by 2020 where the Swedish target is set to generate 62.8% of the total electrical energy 
from renewable sources.
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power development to have reached a capacity of 15.7 TWh by 2020, increasing to an 

annual production of 20.7 TWh by 2030 [1], [19].

While it is hard to foresee the amount of wind power that will be developed in 

Sweden, the integration will have a tangible effect on the Nordic power system [2].  

2.4 Technical implications of renewable integration

Traditionally, the major uncertainty in power system operation was related to varia-

tions in power consumption (along with the always present risk of loss of a large gen-
erating facility in the system) and the system reserves where dimensioned thereafter.

However, the integration of intermittent generation is about to alter this; uncertainties 
are becoming successively larger also on the production side. 

Several countries are already experiencing effects the renewable integration; both 
Denmark and Germany have had negative prices on electricity due to oversupply at 
times of high intermittent generation, and both Spain and Italy are currently 
overlooking their subsidy policies for IRES in order to slow the growth and handle the 
system impacts [18].

2.4.1 Time scale impact of IRES

IRES integration affects all time scales in the planning of a power system; from
seconds of power delivery to years ahead. Following Hedegaard [3], one may divide 
the impacts four time scales presented in Table 1. The intra-hour perspective can be 
further divided in to primary and secondary reserve requirements as described in 2.1.

Table 1. IRES impacts power systems in several time horizons. Definitions as formu-
lated in [3].

Time horizon of impact Reason/cause Requirement

Intra-hour Imperfect predictability of 

production / consumption

Primary and secondary

regulating reserves

Intra-day/day-ahead Variability in a 24 hour 
horizon, affecting produc-

tion commitments on the 
Spot market

Intra-day trade, 24-hour 
storage/flexibility

Several days Several days of high/low 
generation

Storage/flexibility 
between days and weeks

Seasonal Seasonal variations in 
wind 

Seasonal flexibility/
storage
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Regarding primary reserves (i.e. the time horizons of seconds to a few minutes) the 

impact of wind power integration is expected to be limited; uncorrelated production 
variations between individual turbines have a smoothening effect on the total system 

variation also at high wind penetration levels [2], [3], [20], [25]. This effect can also 
be confirmed by experiences from TSOs on markets with a significant wind penetra-
tion [2].  

For the secondary reserve requirements however, the variability of wind plays a sig-
nificant role. The impact of renewable integration in terms of need for increased 

secondary reserves does however vary greatly between power systems [21]. 

In a recently published report (2013) on wind power integration in Sweden, [2], SvK 

estimates that an installed capacity of 7000 MW wind power, (corresponding to 
approximately 17 TWh energy from wind annually and equivalent to the TSO’s main 
development plan for 2025, see [22]), would lead to an increase of between 600 and 
750 MW in secondary reserves (both upwards and downwards). The figure should be 
compared to the 1800 MW in use today. However, SvK underlines that these results 
are based on simulations considering only the Swedish power system, which limits the 
reliability of results [2].

Furthermore, SvK points out, the need for regulating reserves could be significantly 

reduced if the time between market closure and time of energy delivery was shortened, 
since wind forecast errors are significantly reduced as their time horizon decreases

[2].7

However, variability of IRES will impact power systems also in other ways. The 
negative prices Denmark and Germany has experienced were caused by oversupply of 
power already on the day-ahead market, and Hedegaard [3] concludes that this situa-
tion could be expected to become increasingly common on markets with high IRES 
penetration. Regarding Sweden specifically, Fritz [11] assesses that with 30 TWh8

wind in the Swedish system, and assuming the weather of 2011, approximately 20 
hours per year would result in net load9 below the lowest possible hydro power 
generation. In reality, system stability would be threatened even more often, since 
large generators would have to regulate down heavily [11]. 

                                                     

7 While SvK express openness for alteration of the market model in coordination with the other Nordic 

and European TSOs, they are determined to adhere to the current system at a primary stage.

8 The Planning Frame for Wind Power Development, adopted by the Swedish Parliament in 2009, states 
that the Swedish system should allow for the installation corresponding to an annual wind energy 
production of 30 TWh by 2020. As mentioned in 2.3 however, neither the Swedish Energy Agency nor 

the Swedish TSO SvK anticipates that the full potential of the planning frame will be utilized by that 
time.

9 Net load, also commonly referred to as residual load, is defined as total system load minus IRES 
generation.
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Moreover, Saarinen et al [23] stresses the need for storage in the longer time horizons 

showing that at a 20 % share of wind power, the storage need of a two week horizon is 
approximately 20 % of the daily mean wind power generation.

Furthermore, wind power turbines are often connected to the grid by power elec-
tronics, meaning that their rotating masses are synchronously decoupled from the grid 
frequency and thus not contributing to the inertia response of the system. This may 
cause problems with frequency stability at times of high wind power production [2]. 
Locally, wind power may also affect power quality and voltage stability [25].

2.5 Future markets – uncertain development

While it is clear that IRES integration unavoidably will affect power markets, it is 

hard to predict the magnitude of consequences. Available transmission capacity, the 
extent of power market integration between the Nordic countries and continental 
Europe, location of wind power development, smart grid deployment and market 
design are some of all the factors that will play important roles in the determination of 
future system requirements.

Models of future energy markets show that a highly volatile future is to come; Fritz 
[11] shows that by 2020, zero prices are to be expected also in the Nordic system 
assuming perfectly deregulated markets and fulfilment of NREAPs. In Europe, even 

more extreme price volatility is to anticipate.

Spot market development maybe hard enough to forecast, but the development on the 

control power market is even more uncertain. While 2.4 shows that IRES integration 
will have significant impact on demand for secondary control, several other factors 
may also impact the aggregated development of the market. Germany shows as an 

example of this; despite a doubling of the installed IRES capacity during the last five 
years, the prices on regulating power have fallen with 50% as the result of a tighter

TSO cooperation, better forecasts and increased market competition on the control 
power market. The price and demand for negative control power has however 

remained stable [24]. It is hence not merely the IRES integration that effects demand 
and prices on control power – rather their development depends on a range of factors.
Some of these factors have been listed below. 

Market design - a decreased trading horizon10, i.e. moving market closure closer to 
energy delivery, could significantly reduce wind power forecast errors and hence con-
trol power demand. Increased resolution of bids, from one hour to 15 minute slots11, 
could further affect the required control power volumes. Moreover, if the market is not 

                                                     

10 Currently under discussion on both the Nordic and the European markets.

11 Currently investigated on the Nordic market.
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fully trusted to provide the reserves required, capacity markets has been discussed as 

an option in some countries12.

Improved transmission capacity and increased TSO collaboration - improved 

opportunities to export control capacity, but may also lead to decreased control power 
demand and increased competition on the control power market.

New participants on the control power market – electric vehicles, industrial par-
ticipation on the control power market13, DSM may be able to provide control power 
to a lower cost than PSHP

Improved wind forecasts/ increased trade on intraday market - reduction of errors
in production plans would lead to a decreased control power demand

Additional products – if needed, additional products may be introduced on the mar-
ket for grid services. SvK is already running a trial for Automatic Load Frequency 
Control (LFC), and transparent markets for voltage regulation and system inertia has 
been discussed and even applied on other markets [2], [22], [24].

While many of the mentioned factors naturally also will affect the spot market, this 
would not be as tangible as on the control power market. In any case, it may be con-
cluded that few things are certain regarding the future outlooks of energy markets in 
general, and control power markets in particular.

                                                     

12 For example, the UK is currently turning towards a capacity market.

13 SvK is actively working to introduce large power consumers on the control power market [1]
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3 Pumped storage hydro power

Pumped storage hydro power is the prevalent large scale energy storage world wide, 
and has been suggested as an important part of future power systems in order to 

facilitate large scale IRES integration by several studies [3], [5], [6]. In this chapter, 
the underlying technological features behind this argument are described.

The PSHP working principal of is simple; using electrical energy to pump up water to 
a higher level it can be stored in the form of potential energy with very low self-dis-
charge. When electricity is needed, the water is discharged through a turbine as in any 
regular hydro power plant.

Figure 3. A schematic view of a pumped storage hydro power plant. The main differ-

ence from a regular hydro power plant is the possibility to pump water back to the 
upper reservoir.

During the 70’s and 80’s PSHPPs were built to enable the continuous operation of less 
flexible nuclear and coal power plants [5]. However, in order to mitigate IRES, PSHP 
technology needs to be even more flexible than the traditional constructions, which 
has significantly geared up the technological development in recent years.

3.1 Technological progress improving flexibility 

The reversible pump turbine was a breakthrough for PSHP when it came in the mid 
20th century. Incorporating two hydraulic machines in one, it operates as a pump in 
one direction as turbine in the other. In combination with a fixed speed 
motor/generator, mounted on the same vertical shaft, it is a cheap and reliable solution
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that to some extent still is applied, also in new developments. However, while the 

arrangement allows for regulation of turbine output from zero to nominal power, the 
hydraulics only allow for pumping at full load. Therefore neither flexible downward 

regulation nor frequency regulation can be provided in pump mode by a conventional 
fixed speed pump-turbine [26].

A larger range of grid services can be delivered by a pump-turbine with variable speed 
technology. In such a setup, induction machines in combination with static frequency 
converters enable the machine to operate within a certain speed range above and 

below the synchronous speed of the generator. A speed variation of 5 percent results 
in a power variation of 66 percent of nominal pump power, allowing for a stepless

levelling of both pump and turbine. This concept also enables provision of both fre-
quency and downward regulation in pump mode. Furthermore, variable speed also 
compensates for hydraulic time delays, significantly reducing the facilities time con-
stants, and allows moving operation away from critical points like the risk for cavita-
tion or instability. However, similar to the fixed speed pump-turbine setup, the 
variable machine needs to be stopped when changing from pump to turbine mode and 
vice versa [27].

An even faster responding facility can be achieved by a setup where pump and turbine 

are separate units, still mounted on the same shaft, and connected by a low-friction 
hydraulic short-circuit as can be seen in Figure 4. Since pump load here can be 

compensated by the simultaneous operation the turbine, the power is controllable over 
the full power range from maximum pump capacity to zero and up to maximum tur-
bine capacity [26], [8].

In all, there are a range of possible technical solutions that enables more or less flexi-
bility. The suitable option for a certain facility must hence be optimized considering 
site specific conditions, cost of development and O&M [26]. 

Figure 4. The hydraulic short-circuit setup enables controllable power output from full 
generation to full load.
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3.2 Innovative designs beats topographic limitations

It has previously been argued that topography has been the major limiting factor for 
PSHP development. However, both Deane et al [5] and Steffen [6] strongly objects 

this assumption; observing a surge in PSHP development in Europe and worldwide 
they conclude that new innovative ways of PSHP development has opened up for the 
technology also in places where topography has not been compliant. In Japan, the 
world’s first salt water operated PSHPP was taken into operation in 1999, and in the 
U.S. Yang et al [10] conclude that as many as a quarter of the planned PSHP projects 
intends to use underground caverns from old quarries and mines as a lower reservoir. 
Other examples include handling of waste water or improvement of water quality 
through aeration of the water [10].

Yet another project suggests large storage tanks submerged to the sea floor utilizing 
the water pressure at the depth of 600-800m [34], and in Denmark a completely new 

type of pumped storage is developed under the official name Energy Membrane; a 
large rugged balloon buried in soil, charged by pumping water in to the reservoir thus 

lifting the dirt on top of it [35], [36].

3.3 New markets, new PSHP designs

Traditional PSHP facilities were usually designed with storage sufficient to provide 6 

or 8 hours full discharge during peak hours. This storage size was sufficient to allow 
for continuous operation of less flexible (often thermal) generation. Since the peak 

hours (day time) were fewer than off-peak hours (often considered as night time plus 
weekends), many facilities were built with a larger generating capacity than pump 
capacity [6].

However, the power system impact of IRES demands another type of flexibility to 
which PSHP design will have to be adapted. Fluctuations in demand and price will not 
be as predictable as the day/night operation, making operation to rely heavily on price 
forecasts. Moreover, the optimal PSHP design will be increasingly dependant on the 
market conditions and characteristics of the local power system. Connolly et al [8]
concludes that when wind penetration increases the optimum capacities of pump and 
turbine diverges; while generating capacity only replaces other production, pump 

capacity will become correlated to the excess energy in the system that needs to be 
absorbed. Hence, if the developer aims to absorb energy at times of over supply (thus 

avoid curtailment of IRES generation), a larger capacity of pump than generator may 
be preferable [8].

Moreover, the storage capacity of a PSHPP determines the available time horizons for 
its operation. With an increased demand for flexibility also in time horizons beyond 
one day, a larger storage capacity will be needed [5], [6].



Page 16 (54)

4 Case study – Juktan

This chapter gives a brief background to Sweden’s first and only large scale PSHPP 
Juktan and the reasons behind its decommissioning. The power plant will subse-

quently be used as a case for the results of the study. 

Figure 5. Juktan PSHPP connected three reservoirs, making it a unique facility.

4.1 The background story

During the first half of the 20th century the hydro power development in Sweden 
peaked. By the end of the 60’s most of the available sites in the large rivers were
already developed14. Juktån however, a small, tributary flow to Umeälv was not yet 
exploited.  A development would however demand an excavation of approximately 20 
km solid rock, and despite adding water to three other hydro power plants downstream
an exploitation of the 60 m head would not be profitable. Instead, it was decided to 

make use of a small lake on top of the mountain ridge, and build the world’s first 
pumped storage hydro power plant exploiting three different reservoirs. An outline of 

the power plant can be seen in Figure 5. More about Juktan’s history and the
challenges during the building process can be found in [40].

Fitted with a one stage pump-turbine with a maximum discharge capacity of 335 MW, 
and a 225 MW pump capacity, Juktan was taken in to commercial operation in 
January 1979. The upper reservoir, Blaiksjön, allowed storing approximately 25 000 
MWh, enabling almost 75 hours of full discharge; and massive storage capacity in 

                                                     

14 Except for the by law protected rivers: Torne älv, Kalix älv, Pite älv and Vindelälven.
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international standards.15 During the years 1979 to 1995 Juktan was operated in tradi-

tional day/night cycles; pumping during night time and over weekends, while gener-
ating during day time [40].

4.2 Decommissioning

When the Swedish electricity market was deregulated, the conditions for Juktan 
changed. The profit from day/night cycles showed to be just enough to cover the 

operational costs of the plant, and with the new tariff system for connection to the 
national grid the operation of Juktan as a PSHPP was no longer profitable [40].

Therefore, it was decided to exploit the much smaller head between Storjuktan and 
Storuman. The turbine runner was substituted to a smaller, and the spiral case was 

rebuilt to fit the new runner. Generator, transformers and switchgears were adjusted to 
the new unit, and water ways, that were no longer to be used in the reconstructed 
plant, were plugged with concrete. However, since the pumped storage function still 
was deemed to be of strategic interest to Vattenfall, all modifications were made so
that the facility could be restored if the business case would improve. The renewed
power plant joined commercial operation in the end of November 1996 supplying a 
maximum of 25 MW, and is still in operation. Juktan is located in SE2 and connected 
to the national grid at the feed in point in Grundfors. [40].

The upper reservoir, Blaiksjön was sold to a mining company that used the lake as a 
deposit for mining tailings. However, studies performed within Vattenfall has shown

that this should not impair the possibility to use the lake for storage again if bought 
back [43].

4.3 A changing power market – is the business case expected to 
improve?

Since Juktan was decommissioned, the possibility to restore pumping operation has 

been up for discussion several times. With the expected increase of wind power in 
northern Sweden, and some of it in Juktan’s direct proximity16, the question has been
brought up again. So far however, renewal has always been deemed unfeasible.

As an attempt to bring clarity to this question, Juktan will in the following chapters  be 
used as a case study.

                                                     

15 The total storage capacity of German PSHP plants (40 000 MWh) divided with the total generating
capacity (7000 MW) gives an average of six hours full discharge. The PSHPP in Bath County (U.S:) 
holds a similar storage capacity as Juktan, however coupled to a discharge capacity of 2772 MW [26]. 

16 Skellefteå Kraft and Fortum have recently started the construction of a 250 MW wind park in the 
Blaiken area [41].
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5 Costs of Pumped Storage Hydro Power

In this chapter the different costs of PSHP development are assessed based on a 
review of current literature. From the findings, the total and annual cost of a 

greenfield PSHPP will be estimated, followed by an approximation of the restoration 
costs for Juktan. Finally, the results will be evaluated with a sensitivity analysis. 

Expenditures, or costs, related to a power plant are commonly divided into capital 
expenditures, CAPEX, and operational expenditures, OPEX [44]. CAPEX is herein 
defined as the money spent acquiring and building, or refurbishing, the considered 
plant, including costs of predevelopment, infrastructure, civil engineering and machin-
ery. When CAPEX is expressed in terms of cost per capacity (€/kW), it is herein the 
installed generating capacity that will be referred to. OPEX, on the other hand, is con-
sidered to include consumables, labour, costs of spare parts, overhaul and outages, 
grid fees, insurance and real estate taxes. Cost of energy for pumping or energy losses 
are thereby not included in this OPEX definition.

Pumped storage hydro power projects are often characterized with long lead times and 

large CAPEX, while they usually enjoy a long asset life time as well as low OPEX [5]. 
However, the CAPEX of a PSHP project is largely dependant on the geological and 

infrastructural conditions of the site and may vary considerably between projects [5],
[6], [44]. OPEX, on the other hand, is correlated to the operation of the facility in 
terms of hours of operation, the numbers of starts and stops of the machine etc. and 
may also vary heavily between plants [45]. Hence, the results in this section should be 
regarded as a cost range for which pumped storage developments can be expected to 

end up within, rather than precise figures. 

5.1 Capital expenditures

5.1.1 Greenfield PSHP

In a review of PSHP development in Europe, Japan and the United States from 2010 
Dean et al [5] concludes that capital cost for proposed PSHP in the surveyed region 
range between 470 to 2170 €/kW, with a weighted average of 961 €/kW. In a similar 

survey from 2012, Steffen [6] concludes that recent German PSHP development has 
come slightly more expensive; a weighted average of CAPEX across projects of 1048 

€/kW. In Steffen’s survey, the most expensive installation held a cost of 1362 €/kW
while the cheapest project summed up to 734 €/kW. 

Steffen finds no significant cost digression with plant size in the German survey. 
Rather, it seems like project and site specific circumstances have higher influence on 
investment cost than economies of scale in his survey. Furthermore, and perhaps not 
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surprisingly, Steffen finds that projects of extension often require lower CAPEX than 

new developments. None of the studies present any cost comparisons in terms of stor-
age capacity, but Steffen concludes that projects including construction of one or more 

new reservoirs usually results in more complex permission process as well as 
increased costs for construction [5] and [6].

Many of the recent PSHP developments have been fitted with variable speed machines 
or hydraulic short circuit technology in order to enable delivery a wider range of ser-
vices to the power market [5]. While these installations, being more technically 

advanced than regular pump-turbines, do induce a slightly higher CAPEX, they have 
not been singled out in any of the studies. In a study conducted in the United States in 

2003 [46], however, it is concluded that variable speed technology increases the 
investment cost of the motor/generator/turbine part of the power plant with approxi-
mately 10 % over a conventional turbine.[46] The study assessed the total cost of an 
adjustable speed plant to $1050/kW while estimating the cost of storage to $10/kWh, 
corresponding to 1145 €/kW (11 €/ kWh storage) in 2012 prices; a similar cost range 
as Dean et al. and Steffen.

A Best Estimate CAPEX is defined herein as the mean of the weighted averages of
[5], [6] and [46] and can be seen in Table 2. Since the results show a large spread 

between projects, a confidentiality interval will be maintained, defined as the mean of 
the highest and lowest CAPEX projects found in the presented studies and referred to 

as Min and Max CAPEX respectively. The estimates will be used as a basis for calcu-
lation throughout the study. 

CAPEX 
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Figure 6. Capital expenditures according to the cited studies. The stacks represent 
weighted averages while the error bars shows Max and Min CAPEX as defined in 
Table 2.
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Table 2. Estimated CAPEX for PSHP according different studies. 

Study
Deane et al

[5]

Steffen 

[6]

Schoenung et al

[46]
Best Estimate

Weighted average
[€/kW]

961 1048 1145 1051

Min CAPEX
[€/kW]

470 734 - 602

Max CAPEX  
[€/kW]

2170 1362 - 1770

335 MW
[M€]

322 351 384 350

Min, 335 MW
[M€]

157 246 - 200

Max, 335 MW
[M€]

727 456 - 590

5.1.2 Case Juktan

Juktan naturally enjoys a great advantage compared to greenfield PSHP developments 

having tunnel systems and infrastructure already in place.

However, even though all the machinery from the old installation has been saved, it is 

reasonable to assume that none of this equipment would be in condition for re-
installation; it has aged even though it has not been in operation. Furthermore, water 
ways and infrastructural systems needs to be restored and the upper reservoir, 
Blaiksjön, needs to be bought back. Blaiksjön’s condition and the costs related to its 
restoration have been assessed in earlier studies performed within Vattenfall, showing 
that costs are to be considered as small in the total context.

While none of the surveyed literature presents CAPEX figures where cost of 
machinery are separated from the total costs, Steffen [6] however approximates the 

cost of electrical and mechanical machinery to 20-30 % of total CAPEX. Assuming 
that 30 % of a greenfield PSHP CAPEX could cover both renewal of machinery and 

restoration of Juktan, as well as buying back and restoring Blaiksjön, this gives a case 
specific best estimate of 106 million €. However, the error margin gives a range of 61 

and 178 million €, using the estimated Max and Min values as can be seen in Table 3.
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Table 3. Estimated CAPEX for renewal of machinery in Juktan (assumed a new 
generator capacity of 335 MW) calculated as 30 % of total CAPEX in Table 2.

5.2 Operational expenditures

5.2.1 OPEX according to the literature

Rough estimations on annual OPEX are quite commonly expressed as a percentage of 

CAPEX, where the total OPEX over a life time is distributed evenly over the number 
of life time years. Following Connolly et al. OPEX will herein be assessed as 1,5 % of 

CAPEX, resulting in an annual cost of 5,3 M€. 

However, annual OPEX is in reality not quite as straight forward as a function of 
installed capacity and generated energy; number of starts and stops, time with part 
load and amount of operating hours will also affect the condition, life time and need 
for maintenance of the machinery. Furthermore, fees to TSOs, real estate taxes etc. 
differ between countries and markets, hence the figure must be seen only as a rough 
indicator.

5.2.2 Case Juktan - OPEX for a Swedish PSHP 

A more thorough evaluation of OPEX should consider three parts: grid tariff, real 
estate tax and technical O&M. The latter includes costs related to mechanical wear 
and scheduled maintenance, such as spare parts and consumables, inspections, labour 
cost and contracted service, while the other two are set according to taxation laws and 
grid tariff structures.

5.2.2.1 Technical O&M

Mr. Matthias Ressel, Mechanical Engineer at Vattenfall Hydro Services in 
Hohenwarte, Germany provides a rough estimate of the technical O&M costs of a 335 

MW, single unit PSHPP. Calculated over an asset life time of 30 years, he estimates

Study
Deane et al

[5]
Steffen 

[6]
Schoenung et al

[46]
Best Estimate

Weighted  average
[M€]

97 105 115 106

Min, 335 MW
[M€]

47 74 - 60

Max, 335 MW
[M€]

218 137 - 180
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the annual OPEX to approximately 0,6 M€. Further, the facility will require a few 

larger overhauls over its life time; Ressel gives a rough cost assessment of approxi-
mately 5,4 M€ around year ten and another 3,6 M€ around year 20-22. With a 30 

years asset life time, an additional cost of approximately 1,5 M€ around year 28 may 
be needed. The estimate gives a life cycle cost over 30 years of 28,4 M€ in present 
value, corresponding to an annuity of 2,3 M€.

5.2.2.2 Grid tariff

All electricity consumers and producers that feed into or consume off the high voltage 
transmission grid in Sweden have to pay grid tariff to the Swedish TSO SvK. The 
annual fee for a consumer and/or producer is divided into two parts: power and 
energy.  Both tariffs depends on where in the country the connection point is located; 
the fees for consumption are higher in southern Sweden while feed-in costs are less, 
and vice versa in north of Sweden. While the fee charged for power is always a cost 

for the consumer/producer, the energy fee may actually work as a credit; energy con-
sumers in northern Sweden receive payment from SvK, while producers are charged 

the same amount. In southern Sweden, the system works the opposite way; consumers 
pay while producers are credited [48].

For a PSHPP, being both consumer and producer, the fee structure implies a double 
charge at the connection point. Located in northern Sweden – Juktan is situated in SE2 
and connects to the high voltage grid at the connection point in Grundfors – and given 
the fact that the electricity consumption should be at least equal to or even higher than 
generation17, the energy fee would equal zero or even be a small source of revenue for 
a PSHPP located here. However, the power fee would still have to be paid twice; one 

for power feed in to the grid and one for power consumed off the grid. According to 
2013’s fees [48], assuming a generating capacity of 335 MW, pumping capacity of 

225 MW, as in the original setup, the total cost would sum up to 26,7 million SEK 
(approximately 3,1 M€). However, if the pump capacity was increased, the total tariff 
cost would follow; with a 335 MW pump the total annual cost would increase to 32,5 
MSEK (3,7 M€). Calculations can be found in Appendix A.

The fee structure is designed by SvK and could theoretically also be changed by them
if they were to find reason to do so. However, the system is ultimately governed by the 
Swedish Electricity Act, which states that all producers and consumers, regardless of 

generation type, should be charged according to the same rules. Hence, any fee struc-
ture that would give PSHP special treatment would most likely require a change in the 
Swedish Law [51].

                                                     

17 For a regular PSHPP the electricity consumption would be between 1,2 - 1,3 times larger than 
generation depending on round-trip efficiency. However, the head between Storjuktan and Storuman – the 

lower reservoirs in Juktan’s three reservoir outline – was large enough to cover for the losses during 
pumping. 
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Following the discussion in chapter 3.3, that a large wind power integration is likely to 

increase the need for pumping capacity, it seem reasonable to assume that a 335 MW 
pumping capacity would be desirable. Hence, the larger value is assumed in further 

calculations.

5.2.2.3 Real estate tax

The real estate tax for an electricity generation unit in Sweden is determined by the 
facilities assessed value. During 2011, the regulations regarding real estate tax for 
hydro power plants were changed, with a large tax increase for big hydro power plants 
as a consequence; the mean tax increase was 50-55% from the previous taxation [49], 
[50].

There are no specifications for PSHPP in the new tax regulations. However, in dia-
logue with Skatteverket18, [49], it was deemed reasonable to assume a real estate tax 
increase of 45% from the one paid before the change in regulation. The fact that a 

PSHPP has a lower production than a conventional hydro power plant (many hours are 
used for pumping) explains why a value slightly below mean was chosen.

In Table 4 the three OPEX parameters are presented; with an annuity of cost of 8 M€ 
they are significantly higher than the earlier assessments. This can be explained by 
high grid tariffs and real estate taxes in the Swedish system; if assuming a zero grid 
fees for pumping19 the total annual cost would decrease to 6 M€. 

                                                     

18 The Swedish Tax Agency

19 In Germany, the grid fee for pumping has up until recently been zero. While the regulation now has 
changed, new built PSHPPs are exempt from their first ten years in operation [6]. 
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Table 4. Estimated OPEX for Juktan if taken back in to operation.

Grid fee 

SvK
Real estate tax

Technical 

O&M
Total

Annual cost [M€] 3.7 2.0 2.3 8.0

Table 5. Annuity of costs calculated for different assumptions on CAPEX.

B.E. Min Max

Greenfield project

CAPEX [M€] 350 200 590

OPEX [M€/year] 5.3 5.3 5.3

Annuity [M€/year] 34 22 53

Renewal Juktan

CAPEX [M€] 106 60 180

OPEX [M€/year] 8.0 8.0 8.0

Annuity [M€/year] 17 13 22

5.3 Annuity of costs

Through an annuity calculation, all the costs of a project are distributed over the asset 
life time. An asset life time of 30 years and a discount rate of 7 % have been used for 
the calculations, presented in Table 5. The annual costs correspond to the minimal 

required annual revenue in order to make the investment feasible.

5.4 Sensitivity of costs

From Chapter 5.1 it could be concluded that PSHP development requires large initial 
investments and that these costs may vary drastically between projects and are very 
site specific. As Figure 7 shows, the final CAPEX for a specific project plays a crucial 

role for the total annual cost over the life time of the project; the initial investment has 
a much larger impact on required annual revenue than OPEX for greenfield projects. 

In the case of Juktan, OPEX will have a larger impact since CAPEX for restoration is 
lower.
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Figure 7. Sensitivity analysis of OPEX for greenfield projects and for Juktan

However, the large initial investments in a PSHP facility enables a very long asset life 
time. Technically, this is obviously a great advantage. However, as Figure 8 and 
Figure 9 show, the asset life time plays a small role in decreasing annual costs. This is 
basically due to the underlying principles of investment calculation and interest rate; 
long term investments enables spreading the costs over a longer time but also demands 
the same interest rate on the invested capital over the full life time. The dotted lines 
show how the choice of interest rate affects the annual cost; a 4 percent interest rate 

obviously decreases cost quite significantly compared to the 7 percent that has been 
used throughout this report. A four percent discount rate is however not realistic for a

developer in most cases; even seven percent might be regarded as a rather low return 
on investment. 
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Greenfield projects
Impact of Asset Life Time on Annual Cost
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Figure 8. The impact of asset life time and interest rate (dotted lines) on annual cost.
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Figure 9. The impact of asset life time for Juktan. The dotted lines show the annual 
cost if the grid fee for Juktan was reduced by 50%.
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6 Potential revenue for PSHP

In this chapter the potential revenues of PSHP are evaluated. A Simulink model has 
been derived and used to estimate price arbitrage incomes from historic price data.

Based on the results an attempt is made to find a relationship between price arbitrage 
profitability and market volatility, thus formulating a market requirement for PSHP 

price arbitrage profitability.

6.1 Evaluating profitability 

As described in previous chapters, a technical demand for energy storage and ancillary 

services is to be expected in the wake of IRES integration. However, and irrespective 
of these matters, on a liberated energy market the investment decision ultimately 

depends on the revenue that a PSHPP may harvest on the available markets.

Most actors on the energy market use long term price forecasts in order to make 

assessments on feasible investments. However, these outlooks are dependant on 
scenarios and assumptions on future market development, and hence not fore filling 
the criteria of independence of forecasts in the project aim.

Therefore, in order to catch the real volatility of a market only historical data has been 
used in this study. By evaluating market potential (possible annual revenue on a mar-
ket) through historical price data, and connecting it to the annuity of costs of PSHP, it 
is possible to determine what is required from a market, in terms of price volatility in 
order to make a PSHPP investment feasible. In this way, the results will be rigid and

applicable to changing future market outlooks.

Steffen [6] identifies two main sources of revenue for PSHP; spot market price arbi-

trage revenue and revenue from control power. However, the principle of operation of 
a PSHPP is indifferent to the choice of market; the aim is always to buy and sell 
energy with the highest possible difference in price – irrespectively if these occur on 
the control power market or on the spot market. Revenues from the control power 
market do not need to be singled out, but can be seen as a way to improve the over all 
price difference between low and high prices from the spot price arbitrage. Hence, as a 
first step in this evaluation, spot price arbitrage potential will be assessed.

6.2 Spot price arbitrage

Arbitrage is by definition the practice to take advantage of price differences on or 
between markets. On the electricity Spot market, this means for a PSHPP to buy elec-
tricity for pumping during hours of low prices while selling and generating during 
hours of high prices. Traditionally, the high and low price hours have been rather pre-
dictable; generation has been adjusted to meet the demand of the consumers,  impos-
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ing a cyclic peak/off-peak pattern to demand and prices of electricity; an example is 

provided in Figure 10. An optimal PSHPP operating schedule could therefore be 
established after this reoccurring pattern; pump during nights and weekends, while 

generating during daytime. The potential revenue from price arbitrage could then be 
calculated from the difference in mean price between the pumping hours and the 
generating hours.

Hourly Prices SE2, week 5 2013
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Figure 10. Electricity prices have traditionally followed consumption patterns; peaking 
in morning and evening while the lowest prices occur during night time.

However, in a power system with a large amount of IRES the net load will be harder 
to predict, resulting in a less foreseeable electricity price. Hence, even if price volatil-

ity tends to increase with intermittent integration - essential to PSHP profitability – the 
changing market will most definitely pose new operational challenges to PSHP 
operators. Operation and optimization of production based on forecast (rather than 
according to a weekly time schedules) is however not exclusive to PSHP, but a chal-
lenge that already is reality for almost all power producers scheduling generation 
according to their marginal cost.

Still, the expected change in market patterns calls for a new type of operational
strategy; arbitrage potential inherent in the price volatility must be exploited without 

tying it to a pre-determined timely pattern. Therefore, it was of importance for the 
study not to tie the arbitrage potential to predefined high or low demand hours. 

Furthermore, the evaluation should also regard the uncertainty that a PSHP operator 
faces; without perfect foresight it is not possible to make optimal operation decisions. 
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Moreover, limitations, such as capacity of pump, generator and storage, the sequence 

of prices as well as energy losses should be regarded.

All revenues in the study have been inflation corrected by the Annual Harmonized 

Indices of Consumer Prices (HIPC) for electricity and specified for the considered 
market [13].

6.2.1 Modelling arbitrage revenues – method 

In order to analyse the price arbitrage potential a Simulink model was developed. The 
model enables the user to set pump, turbine and storage capacity and operates accord-
ing to a predefined strategy that, rather simplified, mimic the operational challenges of 

uncertainty faced by a real PSHPP. In order to asses the results of the Simulink model
two other models were employed in parallel, using other schemes of calculation. The 

models, referred to as A, B and C, where Model C represents the Simulink model, are 
further detailed in 6.2.1.1, 6.2.1.2 and 6.2.1.3.

The models all assume a 335 MW (generating capacity) PSHPP with a round-trip 
efficiency of 80 %. Pump capacity has been set to 420 MW initially; this setup enables 
one hour full generation after one hour full pumping thus corresponding to ~ 80% 
roundtrip efficiency.20 In Model C, the storage capacity has been set to 25 000 MWh, 
corresponding to the former storage capacity of Juktan. 

Hourly spot prices from 2001 to 2012, retrieved from Nordpool Spot [52] (Swedish 
price data) and from EEX [53] (German price data) have been feed into the models.
For 2012, prices from SE2 have been used (price areas were introduced in Sweden in 

late 2011).

6.2.1.1 Model A - Theoretical maximal revenue

Assuming no constrains in storage capacity, the maximum annual revenue from a 
pumped storage facility of 335 MW generating capacity and 420 MW pumping 
capacity has been calculated using the lowest prices of the year for pumping and the 
highest prices for generation, leaving out a dead band of hours where it is not profit-
able to run the PSHP, the maximal annual revenue can be determined. The underlying 
principle of the calculation is visualised through the duration curve of the annual 
prices from EEX 2011 in Figure 11.

                                                     

20 For Juktan, this is comparable to a 335/335 MW setup, since the head difference between Storjuktan 
and Storuman covers for the roundtrip losses.
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Figure 11. The maximum annual price arbitrage potential over a year visualized 
through a price duration curve. Hours marked with green are used for generation, 
while the ones marked with red are used for pumping. Hours marked with blue are 
within the dead band: operation is not profitable here.

Since the model does not have any storage limitations, nor regards the sequence of 
when the prices occur, it captures the price volatility over all time spans. Hence, sea-
sonal variations, for example high prices in the winter time and low in the summer-
time, will add to the revenue in this calculation. 

6.2.1.2 Model B – theoretical maximal revenue over two week cycles

Very few PSHP facilities have storage capacity to cover for seasonal variations. 
Therefore, the same concept was applied for two week periods. By dividing the hourly 

price data into two week sections the theoretical maximum revenue from price arbi-
trage over that time span was calculated using the same logic as in Model A. Effi-
ciency, pump and generator capacity used for the calculation were the same as in as A.

6.2.1.3 Model C – the two week average Simulink model

In order to incorporate the afore-mentioned effects of storage limitations as well as the 

time sequence of prices a more comprehensive model was created in Simulink. The 
model structure can be seen in Appendix B.

The model allows the user to set values for generating capacity (G, MW), pumping 
capacity (P, MW), storage size (S, MWh) and roundtrip efficiency (η), while hourly 
price data is feed in to the model from an external data sheet. The price vector for the 
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incumbent year is then divided in two week periods, each consisting of 336 data points 

(equivalent to 24*14 hours) resulting in 24 hourly price vectors on the form

],,,[ 36621 nnnn hphphpP  where n is the number of the two week period, from 1 

to 26.21

For each two week period the mean price, nMP , is calculated. The mean price will 

then be used as the basis for the operational strategy together with two parameters set 

by the user: the limits for generation ( GL ) and pumping ( PL ) in the model. These 

limits are defined as a percentage of nMP . For each two week period, the operational 

boundaries can be expressed in terms of a price limit for generation, GPL , and a price 

limit for pumping, PPL : 

LMPPL

LMPPL

P

GG




During the simulation, all hours when the price exceeds the price limit for generation,

so that Gn PLhp  , and as long as the storage contains energy, minSS  , the model will 

generate; energy in storage will decrease and money will be earned according to the

price of the incumbent hour, nhp . Likewise, during all hours with prices below the 

spot price limit for pumping, Pn PLhp  , given that the storage is not full, maxSS  , the 

model will pump; energy will be stored and the hourly price will give the cost for 
electricity consumed during the specific hour.22 The model uses full charge and dis-
charge capacities at all times, why the cost/revenue always will be hourly price times 
capacity. The storage variable is for each two week cycle set to its final value during 
the previous cycle; hence energy may be stored between the cycles. 

Figure 12 and Figure 13 shows output variables from the model. 

                                                     

21 This division leaves out 8760-26*366 = 24 hours per year from the calculation (48 hours on a gap 

year). Since these hours correspond to approximately 0.3 % of total annual revenue, this can be 
considered insignificant.  

22 How the limits for pump and generation, PL and GL , are set in relation to the mean price in the model 

nMP affects the result of the model. After a several iterations an optimum for EEX of GL = 1,05 and 

PL = 0,85 of MP and for SE to GL = 1,07 and PL = 0,87 .
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Figure 12. Model C variables during one cycle. The graph shows the last two week 
period of 2011 for the German market. The maximum storage volume is set to 25 000 
MWh.

In reality, the operator does not know the prices of the coming weeks on forehand. 
Instead, the operational strategy would have to be optimized based on price forecasts, 
where a new assessment probably would have been done every day based on a price 
forecast of the coming one or two weeks [54]. While the model simplifies this opera-
tional strategy considerably, it has the advantage of perfect foresight. Hence, even 

though it only chooses one set point for every two week period, it will always make a 
correct estimate of future prices, and place the price limits accordingly, whereas 

operators may find their price forecast to be wrong. The model strategy has been 
approved as a reasonable simplification by experienced personnel within production 

planning, optimization and hydro modelling at Vattenfall [54], [55], [56].



Page 33 (54)

0 1000 2000 3000 4000 5000 6000 7000 8000
0

10 000

20 000

30 000
2003

Hour [#]

En
er

gy
 in

 s
to

ra
ge

 [M
W

h]

0 1000 2000 3000 4000 5000 6000 7000 8000
0

10 000

20 000

30 000
2010

Hour [#]

En
er

gy
 in

 s
to

ra
ge

 [M
W

h]

Figure 13. Change in stored energy in storage for 2003 and 2010 on the Swedish 
market: results from Model C. Maximal storage volume has been set to 25 000 MWh.

6.2.2 Price arbitrage revenues – model results

The results of the models, fed with data from the 2001 to 2012, are presented in Figure 

14. It can be seen that the price arbitrage potential has been significantly higher on the 
German market over the last decade; a consequence of higher overall prices on elec-

tricity as well as of a rather inflexible thermal system (compared to the flexible 
Swedish hydropower). 
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Figure 14. A comparison of the potential price arbitrage revenue, calculated by the 
different models.

Moreover, while Model A estimates the price arbitrage potential on the Swedish mar-
ket to be significantly higher than Model B and C during most years, the three results 
from the German market are much more consistent. This is a consequence of not con-
sidering storage limitations; the seasonal price variations, significant on the Swedish 

market, are captured in Model A. During 2009 the winter prices in Sweden were lower 
than usual, which may explain the dip in the revenue of Model A that year. 

The drastic decline in price arbitrage revenue on the German market since 2006 may 
be caused by several factors, but is definitely partly due to the large integration of 
solar power. With a production pattern that coincides well with the peak demand and a 
near zero marginal cost, it has gradually reduced the prices at these hours. Conse-
quently, when peak prices decrease, the possibility to earn revenue from day/night 

price arbitrage is also reduced. However, increasing wind integration should theoreti-
cally add a new type of volatility to the market, which may be part of the explanation 

to the slight recovery in annual revenue during 2012.
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Figure 15. Annual costs for greenfield development compared to historical revenue on 
the Swedish and German markets for a 335 MW PSHPP. 

To get a sense of magnitude of model results, they have been compared to the
annuities of CAPEX and OPEX calculated for greenfield projects in Chapter 5. The 
comparison is presented in Figure 15; Model A results are not shown in the graph for
the sake of clarity.

From the results, it is evident that the initial investment cost plays a crucial role in 
PSHP feasibility. It can also be concluded that the market conditions on the Swedish 
market was under the time period never sufficient for spot market arbitrage feasibility.
While the conditions has been more feasible on the German market the rapid decline 

in revenue in recent years clearly shows the major challenge of a PSHP investment; 
while profitability demands sufficient annual revenues over the entire asset life time, 

market conditions may quickly change. Hence, a PSHP investment will always be 
exposed to high risk.

In contrast to greenfield projects Juktan provides an opportunity for a PSHP with 
lower initial investment. However, as can be seen in Figure 16, despite the lower 
investment cost, profitability was far from sufficient to cover for annual costs during 
the last decade. If German prices would have been prevailing in SE2 however, the 
investment would have been well worthwhile.
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Figure 16. Case Juktan – annual costs compared to historical revenue on the Swedish 
and German markets. 
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Figure 17: Spot market prices on the Swedish market 2010 and 2003.
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Figure 18: Price distribution for hourly prices different years on the EEX market.

6.2.3 Measuring volatility

Revenue from price arbitrage depends on both frequency and magnitude of fluctua-
tions in prices over the year. As it can be seen in Figure 17 and Figure 18 spot prices 

vary dramatically over and between years. The price distributions from the German 
market in Figure 18 shows that 2006 was a much more volatile year than for example 

2004. This coincides with the best annual revenue according to the model results pre-
sented in Chapter 6.2.2. Hence, it seems reasonable to assume that a relationship exists 
between volatility in prices and revenue from price arbitrage for a PSHPP.

Standard deviation, σ, can be used as a measure of volatility. Defined as the average 
deviation from the mean value of a set of data it is calculated as:

 

n

hp
n

i
i




 1

2


where n is the number of samples in the series, µ is the mean value of the series and i

indicates the value’s position in the series. Since the measure depends on the mean of 
the time series, its length (time horizon) will determine what is mirrored; long time 

series will catch less of the smaller fluctuations than a series with a shorter time 
horizon. A very short time span may on the other hand not catch fluctuations over
longer time horizons.
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Figure 19 shows how different measures of standard deviation correlate with the maxi-

mal annual revenue calculated in Model B and C. Here, σ yr is the standard deviation 
over the full year time series while the other measures holds shorter time spans: σ 2w

is calculated by taking the mean of standard deviations calculated for two week 
periods over a year while σ 1w the mean of weekly standard devotions over a year, 
and σ day, hence, the mean of all daily standard deviations over a year. Correlations 

are further presented in Table 6.

In general, the revenue model results correlates very well with all measures of 

standard deviations, but improves with a shorter time span. Since the model uses a 
cycle time of two weeks, and assuming that the market will go towards less day/night 
volatility towards longer fluctuations, the standard deviation over two weeks will
further be used for defining the limits for PSHP profitability in this report. 
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Figure 19. Correlation between annual revenue and different measures of standard 

deviation for the EEX market. Data points indicate the annual revenue from different 
years according to Model C in correlation to the standard deviation calculated as a 
mean over days, weeks or over a full year. The trend lines indicate perfect correlation.
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Table 6. Correlation between different measures of standard deviation and model 
results.

σ yr σ 2w σ 1w σ day

EEX

Model B 0.903 0.977 0.987 0.988

Model C 0.886 0.967 0.983 0.991

SE

Model B 0.832 0.937 0.958 0.968

Model C 0.827 0.929 0.944 0.934
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Figure 20. Correlation between annual revenue and σ 2w for a greenfield project. 
Crosshatched lines shows annuity of cost corresponding to the different CAPEX esti-
mates.

From the results in Chapter 6.2.2, the price volatility required for making a PSHP 

investment to be feasible on spot price arbitrage can be determined. The results are 
presented in Figure 20. Note that results are only differentiated between Model B and 

Model C and not by market. The intersectional points, based on the trend lines, can be 
found in Table 7.
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Table 7. The intersection points of the trend lines gives the approximate minimum σ
2w required for spot price arbitrage profitability for a 335 MW PSHP depending on 
initial investment cost. All figures represent deviation in €/MWh.

Greenfield projects Juktan

B.E. Min Max B.E. Min Max

Model B 22.78 15.46 34.41 12.44 10.24 15.92

Model C 27.83 19.13 41.66 15.54 12.93 19.69

Table 8. σ 2w for spot price markets in SE and EEX during the last decade. 

Year 2001 2002 2003 2004 2005 2006

EEX 14.17 13.11 19.01 10.32 18.95 30.77

SE 5.66 5.09 5.09 3.42 4.09 6.43

Year 2007 2008 2009 2010 2011 2012

EEX 22.48 25.44 16.61 12.73 12.61 15.53

SE 5.42 9.40 9.89 19.91 6.91 7.94
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Figure 21. Correlation between annual revenue and σ 2w. Crosshatched lines shows 
annuity of cost corresponding to the different CAPEX estimates for restoration of 
Juktan.
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Hence, for an initial investment corresponding to the Best Estimate, with a 30 year 

asset life time and with a 7 % interest rate on capital, a 335 MW PSHP plant would 
require a minimum price volatility corresponding to 28 €/MWh over a two week 

period (σ 2w). However, if considering the maximum and minimum CAPEX results, 
the volatility requirement gives a range between a minimum of 19 – 42 €/MWh in 
mean standard deviation over 2w cycles. The corresponding figures for Juktan is a σ
2w of 15.5 €/MWh at the Best Estimate CAPEX, while Max and Min investment cost 
gives a range of minimum price volatility between 13-20 €/MWh in σ 2w. Important 

to note is that this is the minimum required price volatility; in order to for the PSHP 
investment to be feasible on spot price arbitrage the required price volatility has to be 
consistent over the entire 30 year asset life time. For comparison, σ 2w for SE and 

EEX between the years 2001 and 2012 are provided in Table 8.

6.3 Grid services – increasing experienced price volatility

The results in Chapter 6.2.3 give required price volatility for PSHP profitability
depending on initial investment. However, as noted in 6.1, the required price volatility
that the σ 2w measure represents does not have to be fore filled solely on the spot 
market; participation in the control power market could increase the total price vola-
tility experienced by the PSHPP as can be seen in Figure 22. Here, prices on positive 
and negative control power are shown together with spot price for SE2 during a couple 
of days in January 2012. While the figure shows that experienced price volatility can 
be significantly increased by the provision of secondary control power, it is also evi-
dent that participation is not profitable all hours with regulation. Hence, PSHP opera-
tion must be carefully optimized between spot market and control power market for 

optimal profitability.
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Figure 22. Spot and control power prices in SE2 from a couple of days in January 

2012.
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Figure 23. Demanded volumes of secondary control in the entire Nordic system during 
January 2012. 
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Table 9. Minimum required spot market price volatility in terms of mean standard 
deviation over two weeks assuming grid service revenue according to [12]. All figures 
represent deviation in €/MWh.

Greenfield projects Juktan

B.E. Min Max B.E. Min Max

Model B 17.14 15.46 34.41 12.44 10.24 15,92

Model C 22.19 13.49 36.02 9.90 7.29 14.05

6.4 Volume demand, market impact and large uncertainties on the 
control power market

Since the total power traded on the control power market is much smaller than the 

volumes traded on the spot market, an increase in supply has more impact on the mar-
ket. Figure 23 shows Juktan’s former capacity in comparison to bought control power 

volumes in the Nordic integrated system 2012. It is evident that such an addition of 
supplied control power would have significant effect on control power prices on the
Nordic market. 

While the expected increase in demand for secondary control in the wake of IRES
integration, as described in Chapter 2.4 could be argued to overrule the price smooth-
ening effect of increased supply, the future development of the control power market 
is, as pointed out in 2.5, very uncertain. For a developer, confining in such an 
uncertain source of revenue, poses a large risk. As a consequence, some authors ([6]

and [12]) suggests to regard the revenue potential from control power merely as a 
possible supplement to spot price arbitrage revenue, and not as a requirement for 

investment feasibility.

Withholding this opinion, a study conducted by the U.S. based research institute 
Sandia National Laboratories has yet tried to quantify the potential by conservative 
standard assumption of additional revenue of $10/kW-year [12]. For a 335 MW 
PSHPP this would add a value of 2.7 M€/year to arbitrage revenue for a 335 MW 

PSHPP.

Since grid service revenue is, as described in 2.5, heavily dependant on market condi-

tions and is very hard to generalize, this figure has to be considered as a very rough 
assumption. However, it can yet be concluded that the figure, according to the rela-
tionships defined in 6.2.3, corresponds to an increase in σ 2w with 5.6 €/MWh for the 

Model C results (4.12 €/MWh for Model B). Hence, if returning the σ 2w require-
ments in terms of spot price volatility, this assumption would imply a requirement of 
minimum σ 2w price volatility as presented in Table 9.
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7 Discussion and Conclusion

7.1 Capital expenditures plays a major role in annual cost

The results of the study show that capital expenditures for pumped storage hydro 
power plants vary significantly between projects, resulting in a wide sample space for 
annual cost. For the best estimate, a greenfield PSHP with a generating capacity of 
335 MW, the annuity of cost (including OPEX) totals to approximately 34 M€/year, 
assuming an asset life time of 30 years and a discount rate of 7 %. However, assuming 
the minimum assessed CAPEX for the same sized plant the annuity was found to be 

approximately 22 M€/year, while the maximum assumed CAPEX resulted in an annu-
ity of 53 M€/year. Stressed also by sensitivity analysis, CAPEX can be concluded to 

be the most important factor determining annual cost for PSHP projects, suggesting it 
to be thoroughly assessed on an early stage of any investment evaluation.

Vattenfall’s former PSHPP Juktan does however hold an advantage compared to a 
greenfield project; a restoration naturally comes at a lower cost compared to a new 
development. In this study, the best estimate CAPEX for restoration of the almost 35 
year old facility has been assessed to 105 M€, corresponding to an annual cost of  
approximately 17 M€ following the earlier mentioned assumptions on asset life time 
and discount rate, but assuming a somewhat higher annual OPEX. The latter is due a
fairly high real estate tax in combination with the doubly charged power tariff that 
would apply to a Swedish PSHPP. While the grid tariff to SvK makes up almost 50% 

of annual OPEX, the results show that final CAPEX for restoration still plays the most 
significant role in determining annual cost; depending on CAPEX assumption the 

annuity for Juktan’s restoration varies between 13M€ and 22M€ for the thirty year 
asset life time, while a halved grid tariff would only reduce cost by less than 2M€ per 
year.

7.2 Minimum price volatility required to endure for the full asset life 
time

In order to make an investment profitable, the annual revenues from PSHP operation 
must cover the annual cost over the full asset life time; the market outlook must hence

be deemed to ensure sufficient revenues 30 years following the first day of operation.

By modelling historical price arbitrage revenues the study shows that market condi-

tions on the German market at times during the last decade has been sufficient to 
cover for annual costs for greenfield projects. However, the results also show that 
since 2006, the revenue potential has declined significantly. While this development 
may be explained by the large integration of solar power on the German market, a 
slight recovery in 2012 may indicate that volatility due to wind power is starting to 
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replace the price shaving effect of PV. Furthermore, it could be concluded that a resto-

ration of Juktan would have been clearly profitable if the German price climate would 
have been prevailing in SE2 during the last decade, but regarding the actual prices on 

the Swedish market a restoration would clearly not have been worthwhile.

A clear relationship between price volatility, here measured as the yearly mean stan-
dard deviation over two week intervals, σ 2w, and PSHP profitability has further been 
established in the study. Based on the afore-mentioned annuity of costs and the 
modelled price arbitrage revenues, a price volatility of σ 2w = 28 €/MWh has been 

shown to ensure profitability of an investment in accordance to best estimate of a 
greenfield project. However, the required σ 2w could vary between 19 and 42 €/MWh 

depending on the initial investment. For a restoration of Juktan the required σ 2w
deviation was found to lie between 13 and 20 €/MWh, were 16 €/MWh corresponds to 
the best estimate according to the model results. 

The advantage of the presented measure is its independence of the frequency of vola-
tility. For future assessments, this is an important factor since the time pattern of price 
volatility is likely to change with the integration of IRES. Moreover, no assumptions 
of future markets are included in the basis of the measure, thus making it applicable to 
any deregulated market. Hence, given that modelled future outlooks hold the resolu-

tion enough to cover hourly price volatility in a satisfying way, the σ 2w may be used 
for an initial assessment of PSHP profitability.

7.3 Revenues from control power provision

Revenues from the control power market could further increase the price volatility 
experienced by the PSHPP. Further studies on this subject, implying optimisation of 
operation between spot market and control power market, while also accounting for 
demanded control power volumes, would be one way to quantify the value of grid 
service provision for PSHP. However, subjected to large uncertainties regarding the 

development and design of the control power market, such an analysis would have to 
be very market specific.

Furthermore, control power provision from a large scale PSHPP would unquestiona-
bly affect the market; in the case of Juktan, it would mean adding a capacity corre-
sponding to almost 20% of the current (2012) peak demand for secondary control in 
Sweden. While it may be argued that this impact would be overcompensated by the 
increased demand for secondary control due to IRES integration (SvK [2] calculates 
an increased requirement for secondary reserves of +/- 600-750 MW in Sweden with 
an installed wind capacity of 7000 MW), it is extremely hard to asses the impact on 
prices and supply on the control power market. Changes in market design, for example 

a shorter time horizon between the trading hour and energy delivery, or increasing the 
time resolution of bids, could lead to a decreased demand for control power. 
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Moreover, SvK works actively to integrate new actors, mainly large consumers, to the 

control power market while new technologies such as electric vehicles and demand 
side management (mainly regarding household consumers) is expected to add 

competition to the control power market in the future.

Hence, while a developer may be able to increase the operational optimum of other 
assets by providing the majority of control power from a single facility, it should be 
borne in mind that the introduction of a large scale grid service providing facility may 
affect revenues of all the actor’s assets due to price smoothening effects.

7.4 Limitations of the study 

As the results show, the feasibility assessment for a pumped storage investment is 

coupled with uncertainties. While annual cost has been formulated as ranges of pos-
sible outcome in order to cover for variation between projects, the modelled price 
arbitrage results are still dependant on model parameters; mainly pump and turbine 
capacity but also the relation between the two, as well as storage volume.

After an initial assessment, these parameters need to be optimized in order to suit the 
expected market conditions. For example, on markets with policies of non-curtailment 
of IRES a larger pump than generator may be preferred in order to efficiently absorb 
energy at times of oversupply as shown by [8]. However, since this optimization is

related to market conditions on the specific market, it needs to be considered in rela-
tion to a particular project.

Furthermore, the possible market impact of a large scale storage facility introduction 
would have on a specific market must also be regarded in a feasibility analysis; 
exploiting price spreads may ultimately cause a decrease of the same, also on the spot 

market. From a developer’s point of view, this could ultimately lead to a decrease in 
revenues from the firm’s other assets operating on the market. This impact is very 

hard to quantify, and neither the model nor the formulated market requirement 
accounts for this effect.

7.5 Increased price volatility required for pumped storage feasibility

As stressed earlier, in order to ensure feasibility of a pumped storage hydro power 
investment the market outlook must ensure price volatility sufficient to cover for the σ 
2w requirement for the entire asset life time of the facility, i.e. at least thirty years.

Market models assuming fulfilment of NREAPs indicate a future of extremely volatile 
prices, implying a great business case for energy storage solutions. However, it may 
be questionable if such a price climate would be allowed to prevail; it would require 
fully deregulated power markets with no political interference despite extreme prices 

at times. Considering the electricity price debate in Sweden during the high priced 
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winter of 2010, or the ongoing discussion of capacity markets and curtailment of wind 

power on the European energy markets, it may seem more likely that electricity 
markets will turn back towards a slightly more regulated system, rather than allowing 

for extreme price volatility.

In all, the long asset life time and the high capital expenditures characterising PSHP, 
in combination with the large uncertainties of energy markets - mainly due to their 
subjectivity to policy and politics - PSHP development do comprise a high risk 
investment for developers. While an investment would require favourable and predict-

able market conditions during several decades, the current energy market does not 
seem able to provide these conditions in a foreseeable future.
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Appendix A

Grid fees has been calculated for the connection point in Grundfors. According to SvK’s price list for grid fees 
2013: 

Power tariff Energy tariff

Feed-in

[SEK/kW]

Take-out

[SEK/kW]

Loss coefficient

[%]
Energy tariff
[SEK/MWh]

Grundfors 44 53 5 18,2

Assuming a 335 MW generating capacity and a 225 MW pump capacity this gives:

However, the power tariff would induce a larger cost for a larger pump capacity. With a pump 

capacity of 335 MW this gives:

All costs are presented in million SEK. Positive values indicate charge from SvK, while 

negative values indicate credit from SvK. 

In Juktan’s case the energy losses are covered by the head difference between Storjuktan and 

Storuman. However, in a PSHPP without this feature, located in the same region in Sweden 

and with a roundtrip efficiency of 0,8, the energy tariff would give an annual revenue of 

0,8*0,05*200 000 = 8 million SEK.
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Appendix B
A visual overview of the Simulink model used for the simulation of each two week cycle in 

Model C can be seen below. The model is run from Matlab Workspace, reading data from an 

Excel file. The following code provides an example of the simulation over one year – this is a 

simulation based on the German market 2012. When finished, the results from the simulation 

are written to another Excel file.

clear all
close all
clc
% clearing workspace, closing images, clearing command window

maxgen = 335;
maxpump = 420;
roundtrip_efficiency = 0.8;
maxstorage = 25000;
minstorage = maxgen;
pricelimgen = 1.1;
pricelimpump = 0.9;

% setting limits for generation and pumping determined from the cycle 
meanprice

% setting values for maximum pump & generating capacity [MW], round 
trip efficiency, max and min volume in storage [MWh]. Min volume need 
to be at least maxgen so that storage does not decrease under 0.

STORAGESTART = 0;
income = 0;
count =1;
% introducing variables

hourly_price = xlsread('Hourly prices europe.xls','2012','P2:P8761');

%importing data from Excel. Same number of rows for every year 
(despite lap years) so that calculation based on same amount of hours.

indexnan = isnan(hourly_price);
indexnan = find(indexnan);
hourly_price(indexnan) = (hourly_price(indexnan -1)+ 
hourly_price(indexnan+1))/2;

%converting non-numbers to mean values of the previous and the next 
hour

for index = 1:336:length(hourly_price)-336;
    %loop that divides the data set in 26 cycles with 24*14 = 336 
values in each cycle
    
    hourly_price_2weeks(count).hour = hourly_price(index:index+335);



    % creates a vector with the hourly prices for one cycle (336 
values)    
    hourly_price_2weeks(count).mean = 
mean(hourly_price_2weeks(count).hour);
    %taking the mean of the vector
      
    %INPUT TO SIMULINK:
    PRICE.signals.values = hourly_price_2weeks(count).hour;
    %exporting the hourly price data to the Simulink model. Input to 
PRICE.
    
    MEAN = hourly_price_2weeks(count).mean;
    %exporting the mean value to the Simulink model. Input to MEAN.    
    time = (1:length(hourly_price_2weeks(count).hour));
    PRICE.time = time;
    %creating a time vector, exporting it to the model
    
    sim('hourlypricemodel', length(time));
    %simulating the Simulink model 
   
    storage{count} = STORAGE.signals.values;
    % saving Simulink output in a streamline
    
    STORAGESTART = STORAGE.signals.values(end);
    %setting the start value for the storage to the value at the end 
of the previous cycle. Input to the integrator "energy pump"
    
    totincome(count) = INCOME.signals.values(end);
    totcost(count) = COST.signals.values(end);
    totgeneration(count) = TOTGENERATION.signals.values(end);
    %creating vectors with accumulated value of income, cost
    %and total generation of the current cycle   
       count = count + 1;
     
end; 

totstorage = reshape(cell2mat(storage),1,numel(cell2mat(storage)))';
Total_income = sum(totincome);
Total_cost = sum(totcost);
Total_generation = sum(totgeneration)
RESULT = Total_income - Total_cost
xlswrite('RESULTAT', RESULT ,'K13:K13');




