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A B S T R A C T

During the last two decades, an evolving market structure is recognised starting from the
spot market and its derivatives, resulting to several other markets such as the Intraday
Market (IM), the Balancing Market (BM) and the Reserve Capacity Market (RCM). The
participation in these markets has changed significantly the operation policy of the plants
and, consequently, their value in the market. The current paper deals with the problem of
the long-term valuation of a Hydroelectric Pump Storage (HPS) plant participating in the
DAM and IM. For this purpose, an appropriate methodology has been developed while it is
demonstrated on a real case study concerning the operation of a Swiss based HPS plant
that participates in the DAM and IM of the German electricity market, for a horizon of
thirty-five (35) years.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since the launching of the first think-tanks

and international forums on the impact of the
power sector emissions on the environment,

the generation mixes within countries started
going through a significant change. There has

been several studies analysing the effects of
the fossil fuels on the environment and

climate change speed [1] as well as the
impact of cleaner generation technologies [2]

such hydroelectric power [3], natural gas [4]
and other technologies [5]. The latter

studies are divided between these calculating
the carbon emissions based on energy [6], and

these having identified the mechanism of

environmental effects and developed the
relevant mathematical models [7, 8]. The

common obvious result of these studies is the
positive contribution of the renewable energy

sources and low polluting technologies to the

environmental health and climate change

prevention. However, the important increase
of renewable energy sources into the gener-

ation mix has raised a number of issues on the
system reliability and marginal operating

cost.
The last two decades have been charac-

terised by the shifting from a cost mini-
misation objective to the revenue

maximisation of power plants. More specif-
ically, under the context of deregulated

electricity markets, generation companies
have abandoned the traditional minimum

cost operation optimisation schemes and
have moved to an operational policy where

daily decisions are taken determining the

amount of power, along with the type of
ancillary services, they are willing to provide

in order to maximise their profits [9].
An electricity spot market may be organ-

ised as a sequence of different market
mechanisms including Day-Ahead Market

(DAM) and the Intraday Market (IM) (during
the delivery day). Given this marketplace’s

structure, every typical generation company
tries to determine its optimal operation

strategy in order to maximise the respective

revenues and thus calculate the value of the
plant in the long term. To achieve this target,

there is an increased need of an appropriate
methodological framework to be adopted

that simultaneously considers these multiple
markets and addresses the problem of

deciding in which market mechanisms the
owner agent should participate and in which

volumes will maximise its profits [10] while
considering a long horizon.

Furthermore, the increasingly growing
penetration of wind and solar energy in all

European countries has made forecast hori-
zon shorter, emphasising thus, the impor-

tance of IM both for the demand and supply.

Especially in countries like Germany, due to
the high penetration levels of solar photo-

voltaics along with their generation profile
particularities (production only in peak day-

time), the difference between peak prices
and off peak prices has been significantly

reduced. Moreover, the highly possible lack of
base load capacity, as a consequence of the

nuclear plants decommissioning adopted by
Switzerland and Germany, augmented further
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the off-peak DAM prices reducing thus the

peak to off-peak spread. Further to the
structural changes above, the crisis that hit

the world and Europe the last six (6) years,
had as a result the important decrease of the

demand and hence the continuous fall of the
prices to a level as low as 50% of their 2009

value. All these changes clearly denote the
difficulty of a high flexibility plant belonging

to the so-called Energy Storage Technologies
(EST), to collect sufficient revenues from

participating only in the DAM and highlight
the increased need to participate in the IM as

well.
The most representative and widespread

known case of EST is the hydro pumped-
storage (HPS) power plants, which can adopt

diversified bidding strategies acting in multi-
ple electricity market segments and there-

fore being in a potential privileged position
compared to the thermal power generating

plants. Their advantage comes from the
storage capability of HPS power stations

allowing them to be involved in both gener-
ating and pumping, and buying and selling

energy depending on the price profile and
their flexibility. For this reason, an HPS utility

can buy and sell electricity on the DAM as well

as on the IM, by following an appropriate
strategy that can result to revenues’ max-

imisation. The conventional way of esti-
mating the future revenues of a HPS power

plant considers simulating its activity in the
DAM. Other revenues are then calculated as a

fixed percentage on top of the latter amount.
As pumping implies energy consumption, the

economic efficiency of the operation can be
achieved only if the electricity selling price is

higher than the purchased price beyond a
certain target, depending on the technical

efficiency of the HPS plant. However, due to
all the previously mentioned factors, the

difference between peak and off-peak elec-
tricity prices is decreased, affecting thus the

economics of HPS plants. All these aspects
concur for the use of new instruments such as

the IM, while the importance of potential
revenues from the IM leads to the need of a

more accurate consideration of them in the
long term valuation of the HPS plants.

The purpose of this paper is to describe
the main aspects of a methodology that can

be used for the long term valuation of a HPS
power plant. That plant valuation consists in

estimating the net expected present value of
a plant taking into account investment and

future revenues from operation in the various
market that the plant participates in. A

practical application of the developed meth-
odology will be presented by addressing the

main questions of calculating, developing and

laying out the optimal simulation of the
electricity generation policy of a Swiss HPS

for its long term valuation (i.e. from 2015
until year 2050) through the optimal

allocation of power output being dealt to the

successive market mechanisms of DAM and IM
in Germany. The selection of Germany has

been based upon the high liquidity achieved
in the energy market being calculated as the

ratio of the traded volume of wholesale day-
ahead power contracts and the annual gross

inland electricity consumption in the respec-
tive region, among the possible markets that

a Swiss operator can participate in. The so-
lution to the assessed problem reveals the

real value of an HPS plant in Switzerland, and
consequently the assumed operation strat-

egy, from a long-term perspective, required
in order to lead to an expected revenue

maximisation.
Thompson et al. in Ref. [11] present an

algorithm that can be used for the valuation
and optimal operation of hydroelectric and

thermal power plants operating in the liber-
alised electricity market. Appropriate equa-

tions are derived by using real options theory
that incorporate an increased variety of spot

prices models for representing realistically
the main characteristics of spot prices mar-

kets (e.g. price spikes). The operational
constraints of the involved power plants are

taken into consideration and the developed

models lead to non-linear partial-integro-
differential equations, when solved deter-

mine simultaneously the expected cash flows
and the optimal strategy. The paper presents

the obtained results for two case studies that
concern a hydroelectric pumped-storage fa-

cility designed to take advantage of price
spikes and a hypothetical thermal generator.

Pedram and Moff in Ref. [12] focus on the
valuation of energy storage technologies in

electric power markets by assessing the
relative arbitrage revenues that may occur.

For this purpose, appropriate models have
been developed for optimising the operation

of a storage facility over a 24-h period while
the respective problem has been framed as a

linear program, a multi-stage stochastic pro-
gram and a dynamic program. These discrete

optimisation frameworks have been sepa-
rately used in order to analyse two specific

storage technologies.
Botterud in Ref. [13] investigates the way

that dynamic and stochastic optimisation can
be used for improving the investment de-

cisions concerning the power generation fa-
cilities in the competitive electric energy

markets. An appropriate model has been
developed for determining the optimal con-

ditions for investing in a new power genera-
tion technology, when solving the respective

problem using the dynamic and stochastic
solution. Within this framework, a stochastic

simulator is developed in order to realise the

way that the investment strategy may
differentiate through time, assuming that the

investor changes the implementation of po-
tential investment projects due to more

updated and accurate information being

gradually available. A case study that con-
cerns a new base-load gas power plant in the

Norwegian power system has been assessed in
order to demonstrate the revenues gained

from the developed methodology.
Weber and Woll in Ref. [14] present a

methodology that has been developed for
valuing the long-term operation of CHP port-

folio by applying recursive stochastic optimi-
sation. The main difference between the CHP

power plants and the conventional power
plants regarding their optimal operation in

the liberalised market, concerns the addi-
tional operational constraint for the heat

demand that needs to be satisfied. This
constraint is appropriately modelled in the

proposed method while a specific case study
concerning a CHP system consisting of eight

CHP power plants and two boilers with two
main district heating grids is assessed.

Siddiqi in Ref. [15] concentrates on long-
term project evaluation and power portfolio

management issues in a competitive electric
energy market that include decisions about

various aspects such as building a power
plant, entering into contracts for buying or

selling energy over the short or long-term,

etc. The developed method is based on Op-
tions Pricing Theory and Decision Analysis and

is applied for implementing the long-term
power portfolio management of an existing

power utility in the U.S.
Deng in Ref. [16] addresses the problem of

valuing electricity generation capacity as well
as investing in new power generation facil-

ities within the framework of the competitive
electric energy market. An increased atten-

tion is given to the power price spikes that
may occur and affect significantly the deci-

sion about investing in new generation ca-
pacity as well as the actual time to make this

investment.
Proven by the literature review above, it is

justified that the present research is occupied
with a subject, where scarce scientific work

has been published. Therefore, an opportu-
nity is offered to develop a new methodology

covering the relative research gap between
long-term valuation, various markets partici-

pation and HPS plants valuation, thus pro-
moting new ways of addressing and solving

this specific combination of problems.
Furthermore, having taken into account the

current needs of Swiss electricity utilities,
this study is also of entrepreneurial impor-

tance for the local HPS operators. The ob-
tained results regarding the Swiss case study

are expected to be of increased importance,
not only from a theoretical point of view but

also on the actual implementation to HPS

facilities.
In recent years, increased research effort

has been devoted in developing optimal pol-
icies for electricity utilities participating in
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