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Abstract 

In recent years, matters related to greenhouse gas emissions and climate change have 

grown in importance. With deadlines in 2030 and 2050, the European Union has set 

increasingly stringent targets, like the ambitious goal of becoming the first continent 

to achieve carbon neutrality by 2050, in an attempt to combat these occurrences. The 

global energy landscape has seen significant changes as a result of the continuing 

energy transition. Renewable sources, particularly wind and solar power, and more 

generally, significant electrification of consumption, are gaining increasing traction in 

the national energy sector. 

In this scenario, pumped-storage hydroelectric plants are strongly regaining 

importance. They can be used to support the penetration of non-programmable 

renewable sources and also for the possibility of providing ancillary services, at 

medium and high voltage, to balance an electricity grid increasingly strained by small 

and decentralized plants.  

The aim of the thesis is to assess the feasibility of integrating pumped storage into an 

existing complex hydroelectric plant. It will evaluate how this could affect the plant 

performance and the benefits it could bring, not only from an energy point of view, 

but also from an economic one. The actual feasibility of such an investment will also 

be assessed. 

Using the hydrology and production data of the plant between 2017 and 2021, along 

with the electricity price data for the same period, the energy produced, and the profits 

generated were calculated as if a pumped-storage hydroelectric plant had been in 

place instead of the existing traditional one. Since this is a retrospective analysis, three 

constraints must be met to perform pumping operations: one linked to the hourly daily 

trend of electricity prices and two related to the available capacity of the upper and 

lower reservoirs. The pump that could be integrated into the system has also been 

sized. Through an NPV analysis, the level of remuneration needed for the capacity 

provided for ancillary services was determined to ensure the investment does not 

result in a loss. At the end, through LCOS and the avoided CO2 emissions, the 

environmental impact of the plant was found. 

Key-words: Pumped storage hydroelectric system, ancillary services, energy 

transition, 2030-2050 
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Abstract in italiano 

Le tematiche riguardanti il cambiamento climatico e l’emissione di gas a effetto serra 

sono diventate sempre più significative negli ultimi anni. Per cercare di contrastare 

questi fenomeni l’Unione Europea ha messo in atto degli obiettivi, con data di 

scadenza al 2030 e al 2050, sempre più stringenti, basti pensare quanto ambizioso sia 

il target prefissato di diventare il primo continente a neutralità carbonica entro il 2050. 

Ciò ha portato alla transizione energetica attualmente in atto con forti cambiamenti nel 

panorama energetico mondiale. Le fonti rinnovabili, in particolar modo eolico e 

fotovoltaico, e in generale un importante elettrificazione dei consumi, stanno 

prendendo sempre più piede nel settore energetico nazionale.  

In questo scenario tornano fortemente in auge gli impianti idroelettrici con 

pompaggio. Essi possono essere utilizzati come supporto alla penetrazione delle fonti 

rinnovabili non programmabili e anche per la possibilità di fornire servizi ancillari, in 

media e alta tensione, per il bilanciamento di una rete elettrica sempre più costretta a 

sostenere piccoli impianti decentralizzati. 

Obiettivo della tesi è quello di valutare la possibilità di inserire il pompaggio in un 

impianto idroelettrico articolato già esistente. Valutare come questo possa inficiare le 

prestazioni dell’impianto e i benefici che può portare, non solo da un punto di vista 

energetico ma anche economico. Verrà infatti anche valutata l’effettiva fattibilità di un 

investimento di questo tipo. 

Tramite l’idrologia e i dati di produzione dell’impianto tra il 2017 e il 2021, insieme 

con quelli relativi al prezzo dell’energia elettrica dello stesso lasso temporale, è stato 

calcolato l’energia prodotta e i profitti generati se in quegli anni ci fosse stato un 

impianto idroelettrico con pompaggio al posto di quello tradizionale già esistente. 

Essendo un’analisi a posteriori, per potere effettuare le operazioni di pompaggio è 

necessario rispettare tre vincoli, uno legato all’andamento giornaliero orario del 

prezzo dell’energia elettrica e due legati alla capacità disponibile dei bacini di monte e 

di valle. È stata poi dimensionata la pompa che si potrebbe inserire all’interno 

dell’impianto. Tramite un’analisi dell’NPV è stato trovato di quanto deve essere la 

remunerazione per la capacità resa disponibile per i servizi ancillari affinché 

l’investimento sia remunerativo. Infine, tramite l’LCOS e le emissioni di CO2 evitata si 

è verificato l’impatto ambientale dell’impianto. 

Parole chiave: Accumulo idroelettrico, servizi ancillari, transizione energetica, 2030-

2050. 
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Introduction  

In recent years, in Europe and worldwide, there has been a significant shift in the 

energy sector, increasingly focused on the use of renewable energy sources, seen as 

the best technologies to try to mitigate climate change and greenhouse gas emissions. 

The objective is to meet the targets set by the European Union regarding GHG 

emissions and the development of RES, with deadlines set for 2030 and 2050. 

In this scenario, pumped-storage hydroelectric (PSH) plants regains relevance. After 

two decades of reduction in interest in this technology, PSH now plays a renewed and 

crucial role in the emerging landscape of energy transition. 

This thesis aims at assessing the energy and economic feasibility of integrating a 

pumped-storage system into an already existing, complex hydroelectric system 

located in Northern Italy. The plant consists of an upper reservoir, a mid-level 

reservoir with an associated hydroelectric power plant, and a second pondage power 

plant downstream. 

The work has been divided into five chapters. The first chapter covers the initial use 

of pumped-storage hydroelectric plants, how the load curve has changed, and how 

they may fit into the current energy landscape with the increasing utilization of 

renewable energy resources such as solar and wind. The potential of PSH to act as 

storage systems to offset the variability of these two previously mentioned sources is 

explored, as well as their capability to provide ancillary services, including those 

installed at medium voltage, to support an increasingly decentralized electricity 

network composed of small non-programmable plants. 

The second chapter introduces the system’s location, structure, characteristics, and the 

modifications proposed to transform it into a storage system. 

In the third chapter, the analysis of available plants data and electricity prices is 

presented. The first part examines changes in electricity prices and their implications. 

Subsequently, the methods used to obtain results, and the various pumping 

combinations tested for both plants are described, along with observed differences. 

The final part attempts to increase the pumped flow rate to achieve higher economic 

gains; however, this requires structural modifications that are then assessed and 

examined. 

The sizing of the pumps chosen for the plant is covered in the Chapter 4, which also 

includes information on the decisions made, how the proper power was calculated, 

and the possible losses and problems that could occur during operation and sizing.  
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An economic and environmental analysis of the proposed plant is presented in the last 

chapter, in order to evaluate the possible advantages or disadvantages of such an 

investment. It looks at the pre-requirements that must be met for the conversion of the 

existing plant into a PSH to be profitable. 

The conclusions emphasize potential benefits and drawbacks and provide broad 

insights into study viability. 
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1 Pumped-storage hydroelectric plants 

(PSH): how they have changed over 

the years and expectation for the 

future 

Pumped-storage hydroelectric power plants are a specific type of facility suited to 

storing electrical energy in the form of potential energy. This energy storage is 

achieved using pumps. These pumps enable a certain amount of water to be 

transported back to a reservoir located at a higher elevation, where it is stored for later 

use, when necessary [1].  

Figure 1.1 illustrates a hypothetical diagram for a PSH. 

 

 

Figure 1.1: Principle of pumped-storage power plant [2] 

 

1.1. Classification and history of PSH plants 

 

Pumped-storage hydroelectric plants can be classified either based on the structure of 

the reservoirs or the production unit. The first type is divided into two main categories: 

closed-loop and open-loop systems. The first are composed of two reservoirs, and they 

are not connected to a naturally flowing water source, and they use always the same 
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water, neglecting evaporation; in the second the circulating water in the plant is not 

always the same but it is mixed with the one coming from a natural flow such as a lake 

or a river. [3] 

The second type of classification concerns the production unit. It can consist of two 

independent units, a ternary unit, or a reversible unit. In the first type, the turbine and 

generator are on the same shaft, while the pump and the motor are on a separate shaft. 

In the second type, there is a single electric machine that operates as a generator when 

the turbine is in use and as a motor when the pump is operating. The last type features 

a reversible unit with a single electric machine and a single hydraulic machine. 

Naturally, reducing the complexity of the structure makes it more economical but also 

less flexible and less efficient.  

For the process to make sense economically, pumping is carried out when there is an 

excess of electrical energy, which generally corresponds to lower energy costs. 

Consequently, the stored energy is used when demand is high, and energy costs are 

usually higher. Over the years, this procedure has made it possible to store a large 

amount of excess energy, often during the night hours, to produce it during times 

when demand is higher, such as in the late morning and early evening [1]. 

In Italy, surplus and cheap electricity was frequently imported from bordering foreign 

nations like France and utilized for pumping mode operations. This arrangement was 

made possible due to the significant large surplus of electricity generated from nuclear 

power, which was sold to Italy at extremely low cost so that it could use it [4]. Pumping 

plants were crucial for ensuring a continuous electricity supply [5], especially in a 

context where demand variability was high, and it was necessary to guarantee the 

continuous operation of large coal and thermal power plants. 

Pumped-storage hydroelectric plants experienced significant growth in Italy between 

1990s and early 2000s. The peak was attained in 2002, when pumping capacity was 

used for 1,000 hours annually, equivalent to 8 TWh [6]. During this period, plant 

efficiencies were reasonably stable, with an overall efficiency between 70% and 80%. 

The research around this technology was primarily focused on boosting storage 

capacity and response times [5], to better manage the grid demands.  

However, after the early 2000s, there was a gradual decline in interest and exploitation 

of this energy resource. In particular, production has decreased to 1-2 TWh annually. 

Italy remains the country in Europe with the highest power and capacity in terms of 

hydroelectric pumping. Over the last 20 years, despite a slight increment in installed 

capacity of around 5%, production has dropped by more than fourfold. 22 pumping 

plants with a combined maximum output capacity of roughly 7,6 GW and 53 GWh of 

storage were present in 2023 [6].  

Geographically, the North hosts 14 of the 22 pumping plants. Moreover, the six largest 



| Pumped-storage hydroelectric plants 

(PSH): how they have changed over the 

years and expectation for the future 

5 

 

 

pumped-storage plants, four of which are in the North and two in the South, represent 

84% of the storage capacity [6]. This indicates that not only is the installed capacity 

currently underutilized, but it is also heavily concentrated in certain areas of Italy. 

Figure 1.2 illustrates the distribution of the main pumped-storage hydroelectric plants 

in Italy. 

 

Figure 1.2: PSH distribution in Italy [7] 

 

Figure 1.3, on the other hand, shows the gross hydropower production, in GWh, from 

pumped-storage plamts in Italy over the past 60 years.  

 

 

Figure 1.3: Gross hydroelectric energy production (GWh) from PSH in Italy [6] 
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It soon becomes clear that, in the years following the early 2000s, the use of this 

technology drastically decreased. The following factors are the primary causes of this 

drop. The first concerns the fact that PSH plants are predominantly located in 

Northern Italy, while renewable energy plants are mainly concentrated in the South. 

This has limited the ability to resolve potential issues that arise on the electrical grid 

[5]. The second reason is the reduced average price difference in the day-ahead market 

between peak and off-peak hours, partly due to the greater penetration of renewable 

sources. For example, in 2010, the difference was 42 €/MWh on average, whereas by 

2020, it had dropped to 23 €/MWh [6].  

These causes, partly interconnected, nevertheless point to possible new developments 

for PSH plants today. In particular, with the approaching deadlines of the 2030 and 

2050 targets, new possibilities for the use of this technology have been studied, which 

could make it a key player once again. 

 

1.2. Support for Renewable Energy Sources 

 

Carbon emissions rose from 21,4 to 36,3 billion tons between 1990 and 2021, even while 

carbon intensity, that is the amount of CO2 emissions per unit of GDP, improved. 

Several agreements, such as the Paris Agreement and the European Green Deal, which 

seeks to achieve carbon neutrality in Europe by 2050, have been developed to fight the 

ongoing rise in emissions [6]. 

Given this scenario, and especially considering that the recent energy crisis has 

revealed how heavily Europe relies on natural gas, the EU has set the goal of increasing 

the share of renewable energy sources (RES) in the total final energy consumption to 

40% by 2030 [6]. In order to support the increasing penetration of renewable energies, 

storage systems will become even more crucial. These systems can make a significant 

contribution to the spread of renewables, especially in areas where it is more difficult 

to connect with neighboring countries' electrical systems [8]. In fact, the Piano Nazionale 

Integrato per l’Energia e il Clima (PNIEC), that is the strategic framework for defining 

the decisions to achieve the energy and climate golas of the European Union, has 

planned the installation of more than 10 GW of storage (hydroelectric and 

electrochemical) in Italy by 2030 [6]. 

It is within this context that renewed interest in PSH plants is emerging. 

Figure 1.4 illustrates, a potential evolution of the residual load curve through 2030 

based on a Terna simulation. The residual load curve represents the electric energy 

demand that needs to be met by conventional plants, excluding non-dispatchable 
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renewables [6]. As it will be discussed later in this section, the graph illustrates the 

relationship between a potential increase in renewable production and a rapid fall in 

the residual load curve, which could provide serious issues for dispatchable 

thermoelectric power plants. 

 

 

Figure 1.4: Evolution of residual load curve [9] 

 

Figure 1.5 highlights the gross efficient power in Italy by renewable sources over the 

past twenty years. It is immediately visible how, after 2005, installed capacity of 

sources such as wind and solar has increased vertiginously to the present day [10]. 

This is diametrically opposed to Figure 1.3, where pumping production has 

dramatically decreased over the past twenty years. Thus, it can be seen that the two 

events appear to be strongly in contrast. 

 

 

Figure 1.5: Gross installed capacity per renewable sources in Italy [10] 
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How is the sudden increase in photovoltaic and wind energy capacity and the 

reduction in pumped-storage production connected?  

With the change in the energy production mix, there is a significant amount of energy 

generated during the central hours of the day, primarily from solar and wind power. 

However, these are also the daytime hours when demand is lower. In the late 

afternoon hours, on the other hand, their production drops rapidly, especially in the 

case of photovoltaics, causing an even more pronounced ramp in the load curve. 

Consequently, during the early evening, this peak, corresponding to one of the periods 

with the highest demand, is covered only in part by pumped-storage plants, with most 

of it being supplied by dispatchable thermoelectric power plants. 

Currently, dispatchable thermoelectric and hydroelectric power plants are being asked 

to provide increasing flexibility. They are frequently used to compensate for the 

absence of non-dispatchable renewable energy sources [11]. For hydroelectric plants, 

this is not a major problem, provided that they have enough water stored; however, 

the same cannot be said for thermoelectric plants. They do not always have the ability 

to quickly adjust their production, they have very long start-up times, so they must be 

kept at minimum load in order to have faster response time. As a result, part of the 

load remains covered by thermoelectric plants. Furthermore, they often face the risk 

of operating at partial load or experiencing frequent starts and stops, which 

significantly lowers their efficiency and life. If dispatchable plants were to produce for 

only a few hours per year, they might not be able to cover their costs through the 

market [11]. Figure 1.6 shows an example of the daily electricity generation in Italy.  

 

 

Figure 1.6: Electricity generation in Italy, 16/06/2024 [12] 
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But then, how can hydroelectric storage plants provide support for renewable 

resources?  

Currently, pumped-storage plants absorb energy during periods of low demand, 

mainly at night, and then release it during peak periods of residual demand, such as 

late afternoon. In the future, the integration of storage plants with renewable sources 

could play a relevant role in the energy transition. Since there is a significant energy 

surplus during the central hours of the day, due to high solar and wind production 

combined with low grid demand [5], the operation of these plants could be changed. 

They could absorb the excess energy during the central hours of the day and release it 

in the late afternoon to cover peaks that should otherwise be met almost entirely by 

traditional dispatchable plants [5]. 

Figure 1.7 roughly illustrates how hydroelectric storage plants should integrate with 

renewable sources in the future. Of course, a future scenario in which only storage 

plants and renewable energies are present is far from reality [13], but these two 

technologies, integrated with more efficient thermal power plants, represent a goal 

that is well within reach. 

In Figure 1.7:  

• The red part is the excess energy from non-programmable RES that should be 

stored by PSH 

• The yellow part is the load covered by non-programmable RES 

• The blue part is the load that should be covered by the previously stored energy  

 

 

Figure 1.7: PSH and RES integration [13] 

 

Such an operation would allow meeting energy demand during high-load hours, 

reducing grid congestion and overgeneration, and providing grid services [6], which 

will be discussed in the next subsection. Moreover, it would enable a reduction in 
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production from traditional thermal power plants, especially those with older and less 

efficient technology, thus decreasing emissions and reducing dependency on foreign 

energy sources. 

In this scenario, a hypothetical future energy mix, composed of renewables sources, 

storage plants (both hydroelectric and electrochemical), and high-efficiency thermal 

power plants, such as gas combined cycles, should not be seen as utopian or 

unattainable [8]. An example of this situation is in the Figure 1.8 

 

  

Figure 1.8: Hypothetical future scenario [3] 

 

1.3. PSH for the ancillary services 

 

Given the results of the recent energy crisis and the goal of Carbon Neutrality by 2050, 

enhancing the use of renewable sources is a strategic choice for Italy, not only to 

contain emissions but also to reduce national energy dependence [8]. 

For some years now, there has been witnessing a shift in the electrical system towards 

a low-inertia system, characterized by a strong penetration of converter-based energy, 

increasingly abandoning a high-inertia system with traditional thermoelectric power 

plants [9]. In the new electrical system, PSH plants will therefore have a dual function: 

the first, already described in Chapter 1.2, is to provide support for the penetration of 

non-programmable renewable sources. The second is to assist, through ancillary and 

balancing services, an electrical grid that must increasingly support smaller 

decentralized plants connected in MV and LV [9]. 
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The impacts of renewables on distribution grid are already significant. In recent years, 

on the distribution electrical grid managed by DSOs, there has been a simultaneous 

decrease in the energy absorbed by loads and an increase in production from RES 

related to distributed generation. As a consequence, during periods of low energy 

demand, it has caused a sharp increase in energy flow reversal phenomena. Reverse 

flow means that energy flows from the MV grid to the HV grid rather than vice versa, 

due to the production of electricity connected to the underlying MV and LV grids that 

exceed local consumption [14]. An increase in this phenomenon leads to congestion in 

both transmission and distribution grids and increases the risk of overload. To prevent 

higher grid damage, operators may request the disconnection from plants connected 

to HV, mainly wind farms. 

The continuous development of distributed generation means that those who were 

only consumers are now also becoming producers, forming so-called prosumers. This 

creates a phenomenon that destabilizes, to a considerable extent, the distribution 

network, which was traditionally designed in a conventional manner, for power flows 

from higher to lower voltages. [15] 

The emergence of smart grids, as shown in Figure 1.9, supports the distribution 

network and DSOs by making it bidirectional and more controllable. They enable 

support for both incoming and outcoming flows to prosumers and, by coordinating 

with the TSO, make the network more secure and manageable in response to voltage 

and frequency variations. By making the distribution network more intelligent, it 

starts to resemble the transmission network, which has always been more resilient in 

handling both incoming and outgoing flows. [15] 

 

 

Figure 1.9: Smart Grid [16] 
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In the perspective of storing large amounts of energy produced by RES, storage 

becomes essential to increase the system flexibility. The main storage systems, which 

can be developed at medium or low voltage to assist the distribution network, are 

electrochemical storage systems. They pair well with small photovoltaic plants in 

distributed generation and, above all, can be located almost anywhere, providing 

support to southern Italy, where there is a significant presence of non-dispatchable 

RES. 

As for hydroelectric storage, large-scale plants are naturally unsuitable for providing 

services to the DSO because they are connected to HV networks. At the same time, 

small and micro-hydro plants can be used on the MV network.  

In a scenario like this, PSH systems can play a fundamental role because it will become 

increasingly crucial to manage the balancing [17] between energy demand and 

production on a moment-to-moment basis. Moreover, the increasing dismission of 

thermal power plants will lead to a loss of dispatchable energy sources, capable of 

providing controlling power and supporting the strong variability of non-

programmable RES [18].  

The building of new PSH, however, will require a more precise regulatory framework 

that can incentivize their construction in order to increase storage capacity [6], as they 

are going to provide flexibility services to electric system. 

PSH and traditional hydroelectric plants provide greater security and flexibility to the 

energy system compared to fossil sources [19]. They ensure that the electrical network 

remains stable by dealing with both the lowest and maximum levels of grid demand. 

According to the International Energy Agency, hydroelectric plants all over the world 

provide 29% of flexible power capacity, intended as the possibility to move their 

electricity generation up and down very quickly and also to be stopped and restarted 

relatively smoothly, followed by coal plants with 28% and gas plants with 27% [20]. 

Therefore, PNIEC proposed addition of 10 GW of storage plants will help with 

frequency and voltage management, lessen network congestion, and make it easier for 

renewable energy sources to penetrate in the electrical system. 

PSH not only strengthens and stabilizes the electrical grid but also adds resilience and 

sustainability to the energy system. They allow for the diversification of energy 

sources, reduce dependence on energy and raw material imports from abroad, 

decrease emissions in line with the targets for 2030 and 2050 and ensure the 

stabilization of the electrical grid [21]. 

This last point is the most important and warrants focused attention.  
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PSHs can offer: 

• Energy Intensive services, as they have the capacity to store a large amount of 

energy relative to their installed power. In this way, they assist the TSO in 

managing periods of overgeneration [9] and enable Load Shifting [8], which refers 

to a temporal shift between production and consumption.  

• Power Intensive service, as they can reduce peaks injected by renewables or 

provide electricity to balance the system when those do not produce [6]. 

• High response speed and flexibility, which make them particularly useful for 

balancing the electrical system. Being a resource with high flexibility and 

response speed means being able to activate in a very short time and adapt to 

the needs of the electrical grid [6]. This is a crucial step, especially for balancing 

unexpected variations in energy demand or production from renewable 

sources, which we know to be random and highly dependent on potentially 

rapidly changing weather conditions [8]. 

• Regulate the voltage and frequency of the electrical grid to preserve system 

stability [8]. This is necessary to ensure the safe and efficient operation of the 

grid and must be kept within specified parameters. It is true that storage plants 

can swiftly inject or absorb energy to control those two factors.  

• An increase in the system inertia [9], which is the capacity to resist sudden 

changes in frequency, thereby reducing the severity of the grid fast transient. 

Additionally, pumping plants make sure that there is always enough energy to satisfy 

demand by modifying the system to account for unforeseen circumstances like a 

shortage of wind or sunlight. 

Finally, they support the restart of the system in the Black start process [22], which is 

the process of restarting the electrical grid after a total blackout, when the entire system 

is shut down and no plants are operating to provide energy. They can supply the 

energy required to restart other plants and get the grid back online because they can 

act swiftly and without requiring outside power [22]. This aids in stopping additional 

harm and aids in the grid's restart. 

Table 1.1 summarizes the ability of different electricity sources to provide frequency 

regulation services. 

Caption: 

• RES-NP: Non-Programmable Renewable Energy Sources 

• ECES: Electrochemical Energy Storage 

• Interruptibility: is a load management mode offered by companies operating in 

the electricity market that allows them to deliberately disconnect a certain load 

from the grid to keep the balance between energy demand and supply. 
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Table 1.1: Ability to provide frequency service [6] 

Frequency services Thermoelectric RES-NP Hydro-PSH ECES 
Fast Reserve         

Primary         
Secondary         

Tertiary         
Congestion resolution         

Balancing         
Interruptibility         

     

Caption Not suitable to  
provide the service 

can provide the service  
with limitations 

Suitable to  
provide the service 

 

From the table, it is clear that traditional and pumped hydroelectric plants, along with 

thermal power plants, are the best at providing frequency regulation services [23]. In 

contrast, non-dispatchable renewable sources are not at all suitable for this type of 

operation. Once again, it becomes evident how the integration of these two 

technologies can bring significant benefits to the electrical system. 

It is also noted that electrochemical energy storage (ECES) can be a good technology 

for providing frequency regulation services, especially for Fast Reserve, which refers 

to ultra-fast frequency regulation [23]. To date, however, PSHs represent a more robust 

and established technology, especially in terms of storing large amounts of energy [6]. 

In conclusion, hydropower storage systems will play a key role in making the energy 

transition faster and more efficient. 

 

 

1.4. Benefits of hydropower: energy independence and 

sustainability 

 

The security of supply is a last point about hydroelectric storage systems that is 

important to emphasize. Pumped storage plants get their energy from both regional 

and local sources. By doing this, they strengthen the domestic energy sector and 

considerably reduce dependence on foreign sources. The hydropower supply chain, 

which is not exclusive to PSH, prevents the nation from being dependent on outside 

parties to obtain parts or raw materials. 
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Let us briefly compare hydroelectric and electrochemical storage systems. Both 

perform the function of storing electrical energy and making it available when needed. 

As shown in Figure 1.10 BESS systems, however, use a large quantity of critical raw 

materials, especially rare earth elements (REE), cobalt, nickel, lithium, copper, and 

aluminum [24]. Many of these are not produced on Italian or European territory and 

must be imported from foreign countries such as China, Chile, South Africa, and 

Congo [24]. The heavy dependence on foreign states means that the economic 

competitiveness of batteries is strongly influenced by the prices of critical raw 

materials [25]. From the recent energy crisis linked to the Russia-Ukraine conflict, it 

has become clear how relying on foreign states can represent a significant weakness 

for the nation.  

 

Legend: black = high; grey = moderate; white = low 

 

Figure 1.10: Critical mineral needs for clean energy technologies [24] 

 

The manufacturing of hydroelectric systems, in addition to not heavily relying on rare 

raw materials, represents an important asset for Italian industry. Italy, in fact, ranks 

second in the EU with a hydroelectric supply chain valued at 27.7 billion euros, and 

the difference between export and import of this sector amounts to 8 billion euros, 

placing Italy first in the EU [6].   

At the same time, however, electrochemical batteries have certain advantages over 

hydroelectric storage. They can be located practically anywhere, making them 

particularly useful for supporting RES, thereby facilitating their integration into the 

electrical system more easily [26]. Hydroelectric power, on the other hand, is strongly 
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tied to the territory where the resource is available. Although PSH systems have the 

capacity to store large amounts of energy and have a significantly longer lifetime, they 

require much more substantial civil work compared to BESS, which often involve 

changes to the landscape [18].  

Nevertheless, this latter point should not be seen as entirely disadvantageous. A 

hydroelectric pumping plant also has a positive impact on the surrounding 

environment. It can: regulate the water flow of the reservoir in case of weather events 

such as heavy rains and floods, provide a reserve of drinking water or for irrigation, 

and stimulate the local economy and tourism [6]. In addition, the eventual construction 

of PSH facilities ensures the preservation of the hydrogeological setting of the 

surrounding areas, for example, by controlling stream flows, cleaning water and 

sediment, managing water reserves during droughts, and preventing fires.
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2 Case study and initial analysis 

2.1. Scheme presentation 

 

This chapter introduces the system used for the analysis. The case study is about two 

hydroelectric plants. Due to confidential issues, it is not possible to provide the 

location of the plant or mention the operator; therefore, generic names will be 

employed to refer to existing elements. 

The scheme of the system is quite simple, as it basically consists of a cascade of two 

simple high-head hydropower plants. The scheme is represented in Figure 2.1 while 

the main parameters of the system are summarized in Table 2.1 and Table 2.2.  

 

 

Figure 2.1: Scheme of the system 

 

As it will be further investigated in Chapter 3.2, reservoir B is often at its maximum 

level, this can limit the possibility to insert a PSH system between the powerhouse B 

and the reservoir B. 
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Table 2.1: Main parameters of the Reservoirs and plants 

 System A System B 

Active storage volume 830˙000 m3 34˙600 m3 

Max water level variation 25,30 m 6,5 m 

Turbine type 1 x Pelton 2 x Pelton 

Turbine rated power 1˙900 KW 2 x 2˙800 KW 

Turbine rated flow 0,75 m3/s 2 x 0,625 m3/s 

 

Table 2.2: Main parameters of the Waterways  

 DTunnel DPenstock1 DPenstock2 LTunnel LPenstock1 LPenstock2 

Waterways A 0,8 m 0,55 m / 1200 m 550 m / 

Waterways B 1,8 m 0,7 m 0,6 m 4500 m 670 m 670 m 

 

2.2. First analysis and original power production 

 

After outlining the power plant structure, its original operation can be introduced.  

In the present chapter the capacity of the reservoir, the levels of the basins and the 

energy production during the period 2017-2021 will be analyzed and described 

through charts and tables, in order to comprehend the size of the hydroelectric power 

plant which is considered. 

 

2.2.1. Plant A 

When dealing with this section of the plant it is important to highlight the different 

volumes that the two reservoirs can store; reservoir A has a maximum stored volume 

of 830˙000 m3, while reservoir B has a maximum of 34˙600 m3, approximately 4,2% of 

reservoir A. It is important to emphasize that the size of the smaller basin will 

represent a significant constraint on the amount of water that can be pumped to 

reservoir A. 

In Figure 2.2 the reservoir A volume and water level elevation, during the year 2017, 

are shown. As expected, an increment in the water level elevation corresponds to an 

increase in the stored volume of the basin. Figure 2.3 shows the hourly power 

generation from plant A and its connection with the water level elevation of the 

reservoir A.  
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Figure 2.2: Volume and water level elevation of reservoir A. 

 

 

Figure 2.3: Hourly power generation and reservoir A water level elevation. 

 

Table 2.3 shows the energy production during the 2017-2021 period and the amount 

of water that comes from reservoir A and flows into Turbine A. Since the available 

data only concerns the hourly water level elevation of reservoir A and the hourly 

power, it is necessary to calculate the water flow rate. The latter was calculated using 

by zeroing the Equation (2.1) for every hour of the day. 

 

𝑃 − 𝜌 ∙ 𝑔 ∙ 𝑄 ∙ 𝐻𝑛 ∙ 𝜂 = 0 (2.1) 
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Where: 

• Hn [m]: net head  

• η [-]: efficiency of electrical and hydraulic machines.  

 

Table 2.3: Energy production and discharged volume during 2017-2021. 
 

En production [MWh] Discharged volume [m3] 

2017 4.580 6.955.600 

2018 5.080 7.836.300 

2019 6.700 10.237.600 

2020 6.850 10.477.700 

2021 6.760 10.450.600 

 

As shown in Table 2.3, in 2017 the power output was slightly lower due to an 

important drought. 

Both losses and efficiency in the equation are functions of the flow rate; these two 

functions were obtained by third and second-degree polynomial interpolation of the 

available data. 

 

  

Figure 2.4: Efficiency (left) and losses (right) of system A 
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2.2.2. Plant B 

In the second section, reservoir B becomes the upper basin of the pondage power plant. 

Figure 2.5 shows that the variation in water level elevation is almost five meters 

constantly, since the dimension of the basin is very small compared to reservoir A. 

 

 

Figure 2.5: Volume and water level elevation of reservoir B. 

 

Reservoir B is filled with water from reservoir B and the river, while it releases water 

to power plant B. The amount of water from the river represents approximately 70% 

of the total that enters the basin, as shown in Table 2.4. 

 

Table 2.4: Amount of water [103 m3] involves in reservoir B. 
 

Vin_ResA  Vin_river  VSpill  Vout_B  Vout_tot  VSpill/Vin_tot 

2017 6.960 14.070 3.860 17.160 21.020 18,4% 

2018 7.840 22.490 12.450 17.870 30.330 41,1% 

2019 10.240 19.640 8.670 21.200 29.880 29,0% 

2020 10.480 22.420 12.590 20.310 32.900 38,3% 

2021 10.450 18.820 8.100 21.180 29.270 27,7% 

TOT 45.960 97.440 45.670 97.730 143.390 31,8% 
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Where: 

• Vin_ResA is the amount of water coming from reservoir A 

• Vin_river is the amount of water coming from the river 

• Vout_B is the amount of water going to the turbines in powerhouse B 

• Vout_tot is the total amount of water going out from reservoir B 

• VSpill is the amount of water spilled from reservoir B; it is obtained from the 

Equation (2.2) 

 

𝑄𝑆𝑝𝑖𝑙𝑙 [
𝑚3

𝑠
] = 𝜇 ∙ 𝐿𝑖 ∙ 𝛥ℎ ∙ √2 ∙ 𝑔 ∙ 𝛥ℎ  (2.2) 

Where: 

• μ [-]: outflow coefficient= 0,484  

• Li [m]: spillway length (34 m and 34,9 m)  

• Δh [m]: difference between the water level elevation at reservoir B and the 

spillway.  

As already mentioned in chapter 2.1, a large part of water in reservoir B flows over the 

spillway of the dam because the basin is often at full capacity throughout the year; this 

amount of water is unused for hydroelectric purposes. Table 2.4 shows that between 

2017 and 2021, on average, about one-third of the incoming water flows over the 

spillway of the dam. To prevent this, a possible solution is to increase the rated flow 

of Plant B, from 1,25 m3/s to 1,5 m3/s or 1,75 m3/s; this type of analysis, with the creation 

of a lower basin, will be addressed in the Chapter 3.4. 

To better understand the operation of the two different plants, Figure 2.6 shows a 

typical hourly power generation of plant A and plant B. 

 

 

Figure 2.6: Plant A and Plant B typical hourly power generation 
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For what concern the energy production of power plant B, the output is significantly 

higher than power plant A due to greater flow rates and net head. During the period 

from 2017-2021, a total of 130˙880 MWh of hydroelectric energy was generated, with 

an average of 26˙175 MWh per year. The peak production occurred in 2019 and 2021, 

reaching 28˙500 MWh, while the lowest year was 2017, with 22˙920 MWh. 

 

2.3. Modifications of the power plant  

 

Having described the key aspects of the hydropower plants, this section explores how 

to modify certain characteristics of the system, which could impact the feasibility of 

adding one or two pumped storage systems between the two parts, A and B, of the 

system. 

The first section of the system taken into consideration is plant A. To convert the plant 

into a PSH system, a pump is installed into the powerhouse, creating a closed loop 

between reservoir A and reservoir B. The addition of the PSH is not intended as a 

substitution for the existing operation, but rather as a boost and a renovation of the 

old plant. The modifications of System A are: 

1. The pump keeps the same nominal flow rate as the turbine, 0,75 m3/s, to ensure 

that the same quantity of water is used during both pump and turbine mode 

operations. This would permit to maintain the existing penstock and tunnel, 

reducing the cost of civil works. However, the powerhouse is not large enough 

to accommodate both the pump and the Pelton turbine, so it will need some 

extension work.  

2. Further analysis explores the effects of increasing the flow rate. While this 

change is expected to enhance profit margins, it will also require an increase in 

the dimensions of the penstock and the tunnel. Doing this enlargement, the 

losses along the waterways remain approximately the same as the previous 

case; in fact, an increase in the losses would lead to an energetic disadvantage. 

In the second part of the system, Plant B, the changes are slightly more complex. This 

complexity arises from the reservoir B frequently nearing its maximum levels, which 

poses a significant constraint on pumping operations. Furthermore, since the power 

plant is a pondage power plant, the turbine in powerhouse B works almost 

continuously during the day and through the year. For this reason, a possible 

construction of a pumped storage hydroelectric system is unfavorable, not only from 

an economic point of view but also from an energetic one. 

Considering the scenario just described, one possible solution could be to completely 

change the structure of this section of the system and its operation by building a lower 

basin near powerhouse B. Surely, the basin construction involves a significant 
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economic expenditure and an important transformation of the current naturalistic 

landscape, but it could also increase the profit and provide a new way to exploit the 

water resource in this area. 

The dimension of the new reservoir depends on how much water flow rate will be 

moved daily, for example: if it is decided to pump for four hours at turbine nominal 

flow rate (Q= 1,25 m3/s), the total capacity of the new reservoir must be at least 18˙000 

m3 of water as is shown in the Equation (2.3).  

 

𝑉 [𝑚3] = 𝑄 [
𝑚3

𝑠
] ∙ 𝑡 [ℎ] ∙ 3600 [

𝑠

ℎ
]   (2.3) 

 

As in the previous part of the plant, initially the flow rate was kept constant at 1,25 

m3/s, in order to avoid altering the already existing waterways. Subsequently the new 

PSH system was analyzed with a higher flow rate that involved a modification of the 

existing waterways, maintaining constant losses along the tunnel and the penstock.  
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3 Data analysis  

In chapter 3, which is divided into four major sections, the emphasis is on data analysis 

of the suggested pumped storage hydroelectric system. An analysis of recent changes 

in electricity prices is covered in the first section, followed, in the central part of the 

chapter, by the power plant transformation. The last section looks at the possibility of 

resizing and raising the flow rate of the pipelines. 

 

3.1. Price of electricity and its variation: P.U.N 

 

The Prezzo Unico Nazionale (PUN), Italy benchmark electricity price, is a crucial 

component of this research. It is set daily based on supply and demand in the day-

ahead market and is the same throughout the whole Italian territory.  

Typically, PSH plants purchase electricity at the Prezzo Zonale Orario (PO), which can 

vary a lot across different parts of Italy. However, for this analysis, the PO is replaced 

with the PUN since the price difference between these two is minimal in Northern 

Italy. 

One of the main causes of the decrease in the utilization of pumped storage plants is 

the change in PUN patterns. PSH plants have historically operated by purchasing 

electricity for pumping operations when the PUN is low, signaling low demand and/or 

high supply, and selling electricity when prices are high, or during peak demand. In 

contrast to the conventional PSH operational model, these dynamics have changed 

due to the flattening of the PUN curve, which was covered in Chapter 1. 

Figure 3.1 shows the ratio of average annual hourly PUN to average annual PUN, 

indicating a considerable flattening in electricity prices over the past 14 years. For 

example, during 2010 the maximum and minimum ratio used to fluctuate between 1,3 

and 0,6 throughout the day, while in 2022 it used to oscillate from 0,85 and 1,25.  

Between 1950-1980 investments in pumped storage power plants were cost-effective, 

solely due to the price variation of electric energy during a single day.  Nowadays with 

only this type of remuneration an investment of this kind is no longer economically 

feasible.  
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Figure 3.1: 2010-22 ratio of avg. annual hourly PUN to average annual PUN [11] 

 

Figure 3.2, instead, illustrates the average hourly price during the years. The chart is 

extrapolated from the PUN by averaging every single hour of the day for every day of 

the year.  

 

 

Figure 3.2: Average hourly PUN during 2017-2023 

 

In 2017-2018-2019 the flattening of the curve previously discussed becomes evident, 

while in 2020, but especially in 2021 and 2023, the price difference between maximum 

and minimum seems to be increasing.  

This behavior, that can appear unusual with respect to the electrical market of the last 

15 years, is justified by the geopolitical situation of that period. A greater price 
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fluctuation is connected to a major market instability: 2020-2021 was the period during 

which the covid pandemic occurred. In 2020 and 2021, a significant increase in the 

PUN is evident, which is the result of the post-covid period. It is also linked to the rise 

in the natural gas price, which, in turn, is a consequence of the war between Russia 

and Ukraine. 2022 is not considered in the analysis because the effects that external 

events had on the PUN have caused a prices fluctuation completely out of scale respect 

to the recent year. So, 2022 PUN can be considered an outlier. Thanks to this major 

variation of the price in 2023, there will be better results in the analysis as it will show 

in the Chapter 3.2 

 

3.2. Plant A 

 

3.2.1. Data analysis 

At the beginning of the analysis, the data available from the power plant were divided 

into two groups: the first one had two columns, one containing the water level 

elevation of reservoir A and the other one the relative stored water volume at that level 

of water; the second group had four columns, containing respectively date, hour, water 

level elevation of reservoir A and power output of everyday from 2017 to 2021. The 

equation that relates the water level elevation of reservoir A with the volume available 

of reservoir A is obtained by polynomial interpolation on the first data group as it is 

showed in Figure 3.3. Then, this equation is used on the data of the second group, to 

calculate the relative volume of water stored at a given water level elevation of the 

year.  

 

 

Figure 3.3: Interpolation between water level elevation and water volume stored 
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The second group was divided into 5 subgroups each one of them representing a year, 

in order to know at every hour how much the volume of water stored in reservoir A is 

for every day from 2017 to 2021. After that, the efficiency η, losses Δh, net head Hn 

and the flow rate Q, were calculated as already described in Chapter 2.2. 

Other available data was the hourly PUN for every day between 2017 and 2021. They 

were managed as follows: 

1) The PUN vector of every single year is transposed into a matrix of size 365x24 

that has on the columns the hour of the day and on the rows the day of the year. 

Various pumping and turbine mode combinations can be utilized in a pumped storage 

plant, but in order to obtain the most profitable arrangement it is necessary to find the 

highest-performance one. Initially, to describe how the analysis was made, n will be 

the number of hours of pumping and turbine mode. 

2) The next step consists in creating another matrix with the same dimensions as 

the previous one, but now, each cell contains an average PUN computed on a 

moving window of n elements. In particular, each cell of the new matrix is filled 

with the value obtained by summing the values in the next n cells, and dividing 

the results by n.  

Figure 3.4 shows an example to better understand this procedure, considering 

early hours of the day January 1st, 2017, and taking n= 2.  

 

01/01/2017 1 2 3 4 5 6 7 8 

PUN [€/MWh] 53,30 52,00 51,00 47,27 45,49 45,69 48,07 45,67 

         

01/01/2017 1 2 3 4 5 6 7 8 

Avg PUN [€/MWh] 52,65 51,50 49,14 46,38 45,59 46,88 46,87 45,58 

Figure 3.4: Calculation of average PUN 

 

3) The third step consists in extrapolating the minimum and the maximum price 

of a single row, that is the minimum and maximum price of a single day. 

Subsequently, it is found the hours correspond to the minimum and the 

maximum price.  
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3.2.2. Pumping constraints  

One of the most important parts of the construction of a PSH is to find which are the 

constraints that limit its operation. In this specific case the constraints are three: 

• Ratio between the maximum and the minimum price of the day greater than a 

specific number, since the pump-turbine cycle is on a daily basis 

• the water volume stored in the upper basin (Reservoir A) 

• the water volume stored in the lower basin (Reservoir B) 

The first constraint is related to the fact that to have a positive profit it is necessary that 

the PUN maximum is greater than the minimum by at least a certain amount; that 

amount is 1.8. Two useful parameters that can help to better understand when the 

pumping operation is convenient are the following: 

 

𝐶𝐸𝑡 [
𝐾𝑊ℎ

𝑚3
] =

𝜂𝑡 ∙ 𝛾 ∙ 𝐻𝑛𝑡
3600

=
𝜂𝑡 ∙ 𝛾 ∙ (𝐻𝑔 − 𝛥𝐻𝑡)

3600
 

𝐶𝐸𝑝 [
𝐾𝑊ℎ

𝑚3
] =

𝛾 ∙ 𝐻𝑛𝑝
𝜂𝑝 ∙ 3600

=
𝛾 ∙ (𝐻𝑔 + 𝛥𝐻𝑝)

𝜂𝑝 ∙ 3600
 

 

Where: 

• CE,t [KWh/m3] is the generation energy coefficient: the energy that is produced 

when a cubic meter of water is turbined 

• CE,t [KWh/m3] is the pumping energy coefficient: the energy that is absorbed 

when a cubic meter of water is pumped 

• γ [kN/m3]: water specific weight 

• ηt [-]: turbine efficiency 

• ηp[-]: pump efficiency 

• Hg [m]: gross head 

• ΔHt [m]: head losses in turbine mode 

• ΔHp [m]: head losses in pumping mode 

The ratio between these two coefficients represents the overall efficiency of the 

pumped storage plant: 

 

ηglobal =
CEt 

𝐶𝐸𝑝
= ηt ∙ ηp ∙

(𝐻𝑔 − ΔHt)

(𝐻𝑔 + ΔHp)
 (3.1) 

 

Calculating the reciprocal of ηglobal the previously mentioned 1,8 is obtained. 
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The second constraint is related to the maximum value of the water volume stored in 

the upper basin. In fact, if on a certain day the volume of water stored in reservoir A 

is already equal or higher than its maximum (830˙000 m3), the pumping operation will 

not be able to be carried out because there is no space for other water. 

The third constraint is about the minimum value of water stored in the lower basin. If 

on a certain day the amount of water stored in reservoir B is already equal or lower 

than its minimum (5˙000 m3), it will be impossible to draw water to pump it in the 

reservoir A. 

To recap, the three conditions that must be met in order to pump every day (i) are 

summarized below: 

 

{
 
 

 
 

𝑃max(𝑖)

𝑃𝑚𝑖𝑛(𝑖)
≥ 1,8

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝐴(𝑖) ≤ 𝑉𝑚𝑎𝑥 − 𝑄 [
𝑚3

𝑠
] ∙ 𝑡[ℎ] ∙ 3600 [

𝑠

ℎ
]

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝐵(𝑖) ≥ 𝑉𝑚𝑖𝑛 + 𝑄 [
𝑚3

𝑠
] ∙ 𝑡[ℎ] ∙ 3600 [

𝑠

ℎ
]

   

 

(3.2) 

 

Meeting these three conditions, the days when the pump can operate are defined.   

 

3.2.3. Revenue generation from Plant A 

It is now possible to calculate the revenue obtained from converting plant A into a 

PSH. 

The electric energy necessary to pump the predetermined amount of water is given by 

the Equation (3.3) 

 

𝐸𝑝𝑢𝑚𝑝(𝑖)[𝐾𝑊ℎ] =
γ ∙ 𝑄(𝑖) ∙ ( 𝐻𝑔 +  𝛥𝐻(𝑖))

𝜂𝑝𝑢𝑚𝑝 ∙ 𝜂𝑒𝑙
∙ 𝑡 

(3.3) 

 

Where: 

• Hg[m]: gross head  

• ΔH [m]: head losses in pumping mode in plant A 

• ηpump[-]: pump efficiency 

• ηel [-]: electrical part efficiency  

• t [h]: hours in pumping mode  

• γ [kN/m3]: water specific weight 
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• Q [m3/s]: pump flow rate 

• Epump (i)[KWh]: energy consumption by the pump in a single day i 

 

Equation (3.4) allows for finding the total cost of energy consumption during the year: 

 

𝐶𝑝𝑢𝑚𝑝𝑡𝑜𝑡[€] =∑𝑃𝑚𝑖𝑛(𝑖) [
€

𝐾𝑊ℎ
] ∙ 𝐸𝑝𝑢𝑚𝑝(𝑖)[𝐾𝑊ℎ]

365

𝑖=1

 (3.4) 

 

Where: 

• Cpump,tot : annual cost to pump the water 

• Pmin (i): minimum PUN price in day i 

It is important to multiply the minimum PUN price found before with the energy 

consumption at the time corresponding to the minimum price, because Hg and so the 

ΔH change during the day. 

The same procedure is carried out with the energy production during the turbine 

mode of operation but with two changes. The energy generated is found from 

Equation (3.5) where the losses are subtracted, and the efficiency of the machines are 

multiplied. 

 

𝐸𝑡𝑢𝑟𝑏(𝑖)[𝐾𝑊ℎ] = (𝐻𝑔 −  𝛥𝐻(𝑖))𝑄(𝑖) ∙ 𝜌 ∙ 𝑔 ∙ 𝜂𝑡𝑢𝑟𝑏 ∙ 𝜂𝑒𝑙 ∙ 𝑡  (3.5) 

 

Equation (3.6) shows the total revenue of the energy generated during a single year: 

 

𝑅𝑡𝑢𝑟𝑏𝑡𝑜𝑡[€] =∑𝑃𝑚𝑎𝑥(𝑖) ∙ 𝐸𝑡𝑢𝑟𝑏(𝑖)

365

𝑖=1

 (3.6) 

 

Where: 

• Eturb (i)[KWh]: generated energy in a single day i 

• t [h]: hours in turbine mode 

• Pmax (i): maximum price in day i 

• Rturb,tot : annual revenue from the energy generation 
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The annual profits are obtained by subtracting the annual costs to the annual revenues 

as it is highlighted in the Equation (3.7) 

 

𝑃𝑟𝑜𝑓𝑖𝑡 [€] = 𝑅𝑡𝑢𝑟𝑏𝑡𝑜𝑡 −  𝐶𝑝𝑢𝑚𝑝𝑡𝑜𝑡 (3.7) 

 

The previous explanation can now be summarized through an example (Figure 3.5), 

using as input data:  

• Q= 0,75 m3/s  

• t= 4 hours  

• Date: January 10th, 2017  

• Pmin: 58,95 €/MWh between the 1 A.M. and the 5 A.M. 

• Pmax: 106,34 €/MWh between the 4 P.M. and the 8 P.M.  

In this day the three constraints at Equation (3.2) are satisfied.  

Then the results calculated by the Equations from (3.3) to (3.7) are: 

• Epump: 10,48 MWh  

• Eturb: 6,88 MWh 

• 𝑃𝑟𝑜𝑓𝑖𝑡𝐽𝑒𝑛,10𝑡ℎ = 113,14 € 

 

 

Figure 3.5: Jen 10th, 2017 energy consumption and production of PSH Plant A 
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3.2.4. Search for the best Q and t configuration 

Let us now try to figure out which is the best configuration concerning the flow rate Q 

that has to be pumped. The maximum flow rate that can be run in the already existing 

turbine in powerhouse A is 0,75 m3/s.  

Figure 3.6 shows costs, revenues and profits throughout 2017 solving the equations 

from (3.3) to (3.7). Where: 

• t= 3 hours both in pumping and turbine mode  

• Q varying between 0,5 and 0,9 m3/s in order to find the best one 

 

Figure 3.6 highlights that Q= 0,75 m3/s is the option with the higher profits. This option 

increases the amount of water that must be stored and extracted from reservoirs A and 

B, which decreases the number of days in which the constraints for pumping are met. 

At the same time, a higher Q generates more profits, which has more economic benefits 

than operating with a lower flow rate. 

 

 

Figure 3.6: Costs, revenues and profits of 2017 

 

As mentioned previously in this chapter, there are some different possible 

combinations for the time t for the pumping and turbine mode of operation. Figure 3.7 

shows that the best ones are t equal to 2,3 or 4. An increase in the consecutive hours in 

pumping mode increases the value of Pmin and so reduces the ratio Pmax/Pmin. 

Consequently, the number of the days that meet the constraints in (3.2) decreases. 
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Figure 3.7: Number of convenient days for the PSH plant in function of the consecutive hours 

in pumping mode 

 

Table 3.1 shows all the possible combinations and their results during 2017-2021 

period obtained by solving the equations from (3.3) to (3.7). where the input data are: 

• Qturb= 0,75 m3/s since Figure 3.6 shows it is the best one. 

• Qpump [m3/s]: depends on t since the amount of pumped water must be the same 

as the discharged one 

• Hg≈ 290 m 

• ΔH≈ 12,3 m 

• ηpump= 85% 

• ηturb [-]: is a function of Qturb 

• t [h]: varying between 2 and 4 hours 

• Operating days represent the number of days between 2017 and 2021 when the 

constraints for pumping are met. 

 

Table 3.1: Possible combinations and results 2017-2021 

Pumping 2 hours 3 hours 4 hours 

Turbine 

mode 
2 hours 3 hours 4 hours 2 hours 3 hours 4 hours 2 hours 3 hours 4 hours 

Qpump [m3/s] 0,75 1,125 1,5 0,5 0,75 1 0,375 0,563 0,75 

Qturb [m3/s] 0,75 0,75 0,75 0,75 0,75 0,75 0,75 0,75 0,75 

Operating days 479 390 353 434 387 343 432 355 299 

Encons [MWh] 2˙50 3˙270 2˙870 2˙200 3˙030 3˙730 2˙180 2˙720 3˙120 

Enprod [MWh] 1˙640 2˙000 1˙820 1˙490 1˙990 2˙350 1˙480 1˙820 2˙050 

Profits (‘17-21) 37˙400 € 36˙900 € 36˙600 € 36˙280 € 43˙600 € 43˙500 € 35˙100 € 40˙900€ 42˙200 € 
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Table 3.1 shows that if the working hours increase, the operating days during the years 

decrease because the amount of water that can be pumped increases, so this causes the 

second and the third constraints of the Equation (3.2) to become binding. 

The best economic configurations are: 

• tpump= 3 hours and tturb= 3 hours 

• tpump= 3 hours and tturb= 4 hours 

• tpump= 4 hours and tturb= 4 hours 

because even if the operating days are less in these configurations, the generated 

energy and so the profits are higher than the other cases 

 

3.2.5. 2023 scenario 

This section analyzes the introduction of a PSH in Plant A but with the price scenario 

of 2023. Figure 3.2 already demonstrates that the difference between minimum and 

maximum electricity price in 2023 was very large and, in general, the PUN increased 

a lot during that year. Since the hydrology of 2023 wasn’t available yet the 2023 prices 

have been used with the hydrology of the period 2017-2021. Solving the equations 

from (3.3) to (3.7) but with the 2023 PUN gives the following results: 

 

Table 3.2: Results with 2023 prices and 2017-2021 hydrology 

 3-3 hours 4-4 hours 

Operating days 466 329 

Encons [MWh] 3˙659 3˙447 

Enprod [MWh] 2˙401 2˙262 

Profits 138˙200 € 128˙820 € 

 

Table 3.2 shows the results if between 2017 and 2021 the prices would be the 2023 PUN 

prices. It is immediately evident that there is an important increment in the profits, for 

example in the combination three hours pumping mode and three hours turbine mode, 

from 43˙600 € to 138˙200 €, which corresponds to an increase of almost 215%; the table 

highlights also an increase in the number of days of operation, from 387 to 466 (20,4%), 

due to the higher difference in PUN prices in 2023. 

A scenario as 2023 can completely modify the final considerations about the economic 

feasibility of a project like this, but, at the moment, there are not solid reasons to expect 
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a trend of this kind in the coming years; 2023 should rather be considered as an outlier 

due to the problem already discussed in the Chapter 3.1. 

 

3.2.6. Reduction in pumping cost scenario 

Now it is analyzed a scenario in which the cost of electricity to pump the water is 

reduced by 25%, 50%, 75%, 100%. Why might this be useful? Because it is possible to 

think of a hypothetical situation in the future where the pumped storage hydroelectric 

systems are financially incentivized or because, through this process, it is possible to 

gain a sensitivity of the investment profits on the price of electricity. 

Table 3.3 highlights that a reduction of 25% in the cost of electricity increases profits 

from 42˙200 € to 202˙730€; the reduction results in a larger difference of price and so 

the ratio Pmax/Pmin increases, thus ensuring a higher number of days of operation. 

Table 3.3 is again obtained with the equation from (3.3) to (3.7) with t= 4 hours and 

shows the profits of the PSH plant A if there is a discount in the cost of electricity. 

 

Table 3.3: Profits with a discount in the cost of electricity 

 0 % -25% -50% -75% -100% 

Profits 42˙200 € 

 

202˙730 € 414˙650 € 611˙640 € 808˙620 € 

Profits 2023 prices 128˙820 € 

 

447˙690 € 829˙630 € 1˙193˙200 € 1˙556˙700 € 

 

Some potential economic incentives would represent an important help in making the 

investment more profitable. From Table 3.3 is inferred that some form of external 

compensation in addition to the difference of prices could lead to significant benefits 

for investors.   

 

3.2.7. Overlap of the new and old operations 

The analyses described in this chapter are based on an important assumption. They 

are a retrospective analysis, so every hypothetical future scenario is based on data and 

situation that have happened between 2017-2021. Therefore, assuming that PSH plant 

A was built in 2017, the power production of the original Plant A between 2017 and 

2021 could overlap with the power generated from the PSH plant. Figure 3.8 illustrates 

this concept more clearly using Novembre 15th, 2017 as an example. 
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Figure 3.8: November 15th, 2017, overlap of the power production 

 

Where: 

• Blue line: the hourly PUN 

• Red line: power production of original Plant A 

• Green line: power production of PSH plant A obtained from the analyses. It is 

noted that at the minimum PUN, the pump consumes energy, while at the 

maximum PUN, energy is generated. 

Figure 3.8 shows an overlap between the energy originally produced by Plant A and 

the energy estimated in the analysis for the construction of PSH Plant A. As a 

consequence, it will be necessary to shift the time window during which the PSH 

generates energy, leading to a reduction in profits. 

For example, considering the entire year 2017 the estimated profits from the sale of the 

energy produced by PSH Plant A are 10˙960 €, while taking the overlap into account 

they decrease to 9˙730 €. It is noted that there are not significant economic losses, since 

the periods of overlap are not frequent, or it is possible to find a new schedule that 

reduces economic losses. For this reason, it will not be considered in future analysis. 

 

3.3. Plant B 

3.3.1. Creation of new reservoir C 

As mentioned in Chapter 2.1, reservoir B is often close to its maximum value of water 

volume stored. This represents a significant limitation since it increases the probability 

that the second constraint of Equation (3.2) is binding. In this second part of the system, 

what was previously the lower reservoir (B), now becomes the upper reservoir, greatly 

limiting the volume of water that can be pumped. 
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However, a preliminary study, being carried out to assess the viability of putting in 

place a PSH in Plant B is analyzed. Since Plant B is a pondage power plant, there is no 

lower-level reservoir, and the water is discharged directly into the river. To carry out 

the analysis it is necessary to create a lower basin, which from now on will be referred 

to as reservoir C and performing closed loop pumping and turbine operations between 

the two levels (B and C). 

Similar to what was discussed in Chapter 3.2, the same volume of water needs to be 

pumped when energy prices are at their lowest and then discharged from the turbines 

when they are at their highest. This allows for exploiting the maximum price difference 

and obtaining the greatest revenues. 

The reservoir size varies depending on the amount of water circulated within the 

system. Given this input data: 

• Qpump= 1,25 m3/s that is the maximum flow rate of the existing turbine in 

powerhouse B 

• tpump= tturb= 4 hours 

The minimum volume of the reservoir C will be: 

 

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝑐 = 𝑄𝑝𝑢𝑚𝑝 [
𝑚3

𝑠
] ∙ 𝑡𝑝𝑢𝑚𝑝[ℎ] ∙ 3600 [

𝑠

ℎ
] = 18˙000 𝑚3 (3.8) 

 

Once the required size of the reservoir C is identified, an analysis can be carried out to 

estimate potential profits that could have been generated between 2017 and 2021 if 

such a system had been in place between reservoir B and reservoir C. 

Since, in this hypothetical simulation, the plant operates in a closed loop, it would no 

longer be necessary to meet the second and third constraints related to the maximum 

and minimum volumes of the upper and lower reservoirs. Thus, the plant could 

operate on all days of the year when the ratio between the maximum and minimum 

price of the PUN exceeds 1,8. 

Just like in the analysis of the upper part of the system, carried out in Chapter 3.2, 

profits are calculated using Equation (3.7). After determining the days on which the 

constraint is met, to calculate profits, it is necessary to follow all the equations from 

(3.3) to (3.6), though with some differences in input data: 

• Q= 1,25 m3/s.  

• Hg≈ 610 m 

• ΔH≈ 37,6 m 

• t= 4 hours that is the combination with the highest profits as showed in Table 

3.1 
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Both the equations and the procedure are analogous to those of the upper part of the 

system. The PUN data was placed in a matrix, the daily average was calculated for the 

t operating hours, and the maximum and minimum prices were identified. 

By recalculating these equations with the new data, the profits that could have been 

achieved if the plant B had been a PSH plant during the 2017–2021 period were 

determined.  

 

Table 3.4: Plant B results between 2017 and 2021 

Operating days Encons [MWh] Enprod [MWh] Profits 

466 

 

16˙610 10˙620 198˙440 € 

 

From Table 3.4 it can be seen that 466 days meet the constraint, 174 of which are from 

the year 2020. This is because, with the only constraint being the ratio between the 

maximum and minimum price, the daily price fluctuation in the other years was much 

lower than 2020. 

 

3.3.2. Reduction in pumping cost scenario 

Now the scenario in which a discount is applied, to reduce the cost of the electricity 

required for pumping, is analyzed. As in Chapter 3.2.6, reductions of 25%, 50%, 75%, 

and 100% will be applied. Values in Table 3.5 are related to the period between 2017 

and 2021. Input data are the same as the previous one.  

 

Table 3.5: Profits with a discount in the cost of electricity 

 Operating days Encons [MWh] Enprod [MWh] Profits 

-25% 1554 58˙130 37˙050 854˙290 € 

-50% 1826 68˙330 43˙540 1˙777˙500 € 

-75% 1826 68˙330 43˙540 2˙653˙500 € 

-100% 1826 68˙330 43˙540 3˙529˙400 € 

 

From Table 3.5 it can be observed that, even with a 25% reduction in costs, significant 

economic results are achieved. The increase compared to the case without reductions 

is more than fourfold, representing a substantial improvement in profits. The notable 
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increase in profits is due to the fact that with the minimum-to-maximum price ratio as 

the only constraint, reducing the energy costs for pumping significantly increases the 

number of days on which the plant could operate profitably. 

With reductions of 50%, 75%, and 100%, theoretically, pumping and turbine operations 

could be carried out on every day between 2017 and 2021. Of course, these represent 

the most ideal cases possible. Realistically, the plant would not be able to operate for 

365 days a year because, for example, routine maintenance breaks would inevitably be 

necessary. Although these options represent a limiting case, they help illustrate the 

potential of a plant of this type and size.  

 

3.4. Flow rate increasing and waterways sizing 

 

This chapter analyzes the possibility of increasing the flow rate. In Chapters 3.2 and 

3.3, the flow rates used were the plant original rates: 0,75 m3/s for the first part of the 

system, from reservoir A to reservoir B, and 1,25 m3/s from reservoir B reservoir C. 

Since the tunnels and penstocks were already sized for these values, no modifications 

or resizing were necessary. 

In this case, however, the flow rates are being increased, so resizing the waterways 

will be necessary. In the first part of the system, the flow rate will be increase from 0,75 

m3/s to 1,5 m3/s. The choice of doubling the flow rate is due to the fact that reservoir A, 

most of the times, has a great availability of volume of water that can be stored.  In the 

second part, the flow rate of Plant B will be increased to 1,5 m3/s and then to 1,75 m3/s. 

The reason for this increase is that reservoir B has a small availability of volume of 

water that can be stored and a bigger increment in the flow rate will reduce too much 

the amount of water in the basin. 

The sizing of the penstocks was carried out to ensure that the losses in the system are 

kept approximately constant. The losses along the penstocks and tunnels are 

calculated using Equation (3.9) that is the Gauckler–Manning–Strickler equation.  

 

𝛥𝐻 [𝑚] = 𝐿 ∙
𝑉2

𝐾𝑠
2 ∙ 𝑅

𝑖

4
3

= 𝐿 ∙
𝑄2

𝜋2 ∙ 𝐾𝑠
2 ∙ (

𝐷4

25
)

4
3

 
(3.9) 

Where: 

• L [m]: penstock and tunnel length 

• D [m] penstock and tunnel diameter 

• Q [m3/s]: flow rate 
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• Ri [m]; hydraulic diameter, which is D/4 for a cylindrical penstock  

• Ks [m1/3/s]: Strickler coefficient= 65 [m1/3/s] for the tunnel and 80 [m1/3/s] for the 

penstock 

Table 3.6 summarizes all the characteristics of the waterways for both sections of the 

system (A-B and B-C). 

 

Table 3.6: Waterways original dimensions  

 ΔH DTunnel DPenstock1 DPenstock2 LTunnel LPenstock1 LPenstock2 

Res A - Res B 12,30 m 0,8 m 0,55 m / 1200 m 550 m / 

Res B - Res C 37,60 m 1,8 m 0,7 m 0,6 m 4560 m 670 m 670 m 

 

To calculate the new size of the waterways with the increased flow rates, a 

proportional increase in the diameter of both the tunnel and the penstock was 

considered. In this way, two equations come into play: one related to maintaining the 

same ΔH and the other associated with the proportional increase in diameters. These 

are grouped in the Equation (3.10).  

 

{

𝐷𝑇1 − 𝐷𝑇0

𝐷𝑇0
=
𝐷𝑃1 − 𝐷𝑃0

𝐷𝑃0
𝛥𝐻1 − 𝛥𝐻0 = 0

 (3.10) 

 

Where:  

• DT0 [m]: original tunnel diameter 

• DT1 [m]: new tunnel diameter 

• DP0 [m]: original penstock diameter 

• DP1 [m]: new penstock diameter 

• ΔH0 [m]: original head losses 

• ΔH1 [m]: new head losses 

 

From the Equation (3.10) values for the new diameters are obtained so that losses along 

the waterways remain nearly constant. It is important to note that tunnel and penstock 

diameters available on the market have standard values, so the calculated results were 

approximated to values potentially available on the market. The new diameter values 

are summarized in Table 3.7. 
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Table 3.7: Waterways new sizes 

 Q [m^3/s] ΔH [m] DTunnel [m] DPenstock1 [m] DPenstock2 [m] 

Res A – Res B 1,5  10,10  1,1  0,8  / 

Res B – Res C 
 

1,5 36,10 1,9  0,75  0,65 

Res B – Res C 1,75 33,60 2,05 0,8 0,7 

 

For the waterways in the first part of the plant, the results indicate an increase in 

diameter of about 40%. The new diameters for the second part of the plant, instead, 

show an increase of approximately 7% for the first case with a flow rate of 1,5 m3/s. For 

the second case, with a flow rate of 1,75 m3/s, the percentage increase is approximately 

15%. 

Using the Darcy–Weisbach equation [27], it is possible to verify the accuracy of the 

obtained results. The Darcy–Weisbach equation is represented in Equation (3.11) and 

a more detailed process to demonstrate if the values of the new size are correct, is 

described in Appendix A. 

 

𝛥𝐻 = 𝑓 ∙
𝐿 ∙ 𝑣2

2 ∙ 𝑔 ∙ 𝐷
 (3.11) 

 

Table 3.8 contains the results for the first part of the plant, from reservoir A to reservoir 

B. The percentage increase or decrease compared to the original case, where neither 

flow rate nor diameter was increased, is shown in brackets. 

 

Table 3.8: Plant A results with new Q and D (2017-2021) 

Pump-turb h 2-2 hours 3-3 hours 4-4 hours 

Operating days 452 (-5,6%) 331 (-14%) 195 (-34%) 

En cons [MWh] 4˙690 (+87%) 5˙160 (+70%) 4˙050 (+29%) 

En prod [MWh] 3˙120 (+90%) 3˙440 (+72%) 2˙700 (+31%) 

Profits (2017-21) 74˙000 € (+97%) 78˙600 € (+80%) 58˙800 € (+39%) 
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From the table, significant increases in profits are noticeable, especially in cases where 

operations are carried out for two or three hours a day. Pumping for two hours a day 

approaches an increase of almost 100% in profits, with only a 5% decrease in working 

days. It is evident that by increasing the flow rate and the diameters, it would be more 

advantageous to operate with smaller pumping combinations. Although less energy 

is stored, the profits are greater because the days of operation are far more numerous. 

In the combination with four hours of work for both modes, there is a drastic reduction 

in operational days, from 299 to 195. This is related to the fact that, having doubled the 

flow rate, working for four hours moves an amount of water equal to 21˙600 m3, which 

increases the probability that the second and third constraint of Equation (3.2) is 

binding.  

Looking at the results obtained, it is reasonable to think that changing the size of the 

waterways and increasing the circulating flow rate is very economically profitable. 

However, it must be taken into account that replacing the existing tunnels and 

penstocks will result in significant investment costs. 

Table 3.9 contains the results obtained by modifying the flow rate and waterways in 

the second part of the system, from reservoir B to reservoir C. 

 

Table 3.9: Plant B results with Q = 1,5 m3/s 

 Operating days Encons [MWh] Enprod [MWh] Profits 

Q= 1,25 [m3/s] 466 

 

16˙600 10˙620 198˙400 € 

Q= 1,5 [m3/s] 466 19˙890 12˙800 242˙300 € 

Increase % 0% 19,8% 20,6% 22,1% 

 

In this case, the flow rate is increased from 1,25 to 1,5 m3/s. It must be taken into account 

that, with the increase in flow rate, the dimensions of the previously built reservoir C 

will need to be modified. With the new input data: 

• Qpump= 1,5 m3/s  

• tpump= tturb= 4 hours 

The minimum volume of the new reservoir C will be: 

 

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝑐 = 𝑄𝑝𝑢𝑚𝑝 [
𝑚3

𝑠
] ∙ 𝑡𝑝𝑢𝑚𝑝[ℎ] ∙ 3600 [

𝑠

ℎ
] = 21˙600 𝑚3 (3.12) 
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which is 3˙600 more than the previous case.  

Even with a slight increase in the circulating flow rate in the plant, there is a fairly 

significant increase in profits. They reach approximately €242˙000, which is about 22% 

more than the previous case. 

Table 3.10 presents the results of the final case, where the circulating flow rate rises to 

1,75 m3/s. In this situation the minimum volume of the new reservoir C is 25˙200 m3. 

Consequently, reservoir C will have a higher economic impact. 

 

Table 3.10: Plant B results with Q = 1,75 m3/s 

 Operating days Encons [MWh] Enprod [MWh] Profits 

Q= 1,25 [m3/s] 466 

 

16˙600 10˙620 198˙400 € 

Q= 1,5 [m3/s] 466 23˙160 14˙940 281˙100 € 

Increase % 0% 39,5% 40,7% 41,7% 

 

As expected, with no constraints on the maximum or minimum volume that the 

reservoirs can reach, the days on which operations can take place do not decrease. 

Furthermore, by further increasing the flow rate, the final profits increase, following 

Equation (3.7).
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4 Pump sizing 

In this chapter, the sizing of the pump necessary for the proper operation of plant A is 

described. After a brief overview of the main characteristics and types, the formulas 

and criteria for determining the optimal system specifications will be presented. The 

pump is the main component of the system that would allow the conversion of a 

conventional hydroelectric plant into a PSH plant. 

 

4.1. Pump characteristics and classification  

 

Pumps are operating devices that transfer energy to the working fluid in the form of 

kinetic, pressure, or potential energy after receiving it from an external source, such as 

an electric motor. The water can be stored in this manner since it can raise its pressure 

and get to the upper reservoir. [28], [29] 

Positive-displacement and fluid-dynamic pumps are the two primary families into 

which they are divided. The first captures a predetermined amount of fluid through 

the system. They work especially well in applications requiring low flow and high 

pressure. Centrifugal pumps are the main type of fluid-dynamic pumps, which deliver 

energy to the fluid by increasing its velocity, which is subsequently transformed into 

pressure. They are suitable for high flow rates and low to medium pressures. [28] 

For Plant A, the best choice is centrifugal pump, which are also among the most widely 

used pumps both in civil and industrial fields. Figure 4.1 shows the representation of 

a generic pump of this type; it can be seen how a rotating impeller imparts energy to 

the liquid moving through the pump. 
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Figure 4.1: Centrifugal pump [30] 

 

Centrifugal pumps are hydraulic turbomachines in which the working fluid enters a 

duct coaxial with the machine axis, is discharged from the impeller in a radial 

direction, and is conveyed to the outlet duct through a spiral volute. [28], [31]. The 

main components, shown in Figure 4.2, are the impeller, which can be either open or 

closed, the diffuser, which can be flat or vaned, and the spiral volute. 

 

 

Figure 4.2: Principal component of a centrifugal pump [32] 

 

For large machines in the energy sector, an inducer may be added to increase 

efficiency. This consists of extending the impeller to reach the axial inlet, allowing for 

a more gradual transition of the flow from axial to radial. [29], [30] Figure 4.3 shows a 

representation of a pump with an inducer. 
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Figure 4.3: Inducer (red) upstream of a submersible borehole pump first stage [33] 

 

If a higher head than that provided by a single stage is required, it is possible to make 

use of multistage centrifugal pumps. In these pumps, multiple stages are arranged in 

series on the same shaft, so that the flow rate remains the same, but the heads are 

added together. If a higher flow rate than that optimal for one stage is required, 

multiple stages can be arranged in parallel, allowing the head to remain the same while 

the flow rates are summed. [28] 

The fact that centrifugal pumps need to be primed, that is loaded with liquid during 

the first phase, should also be taken into account when choosing a pump [31]. This is 

due to the fact that fluid density also affects the differential pressure that a pump can 

produce. The pressure variation will be much less if the pump is filled with air, which 

will result in a much lower liquid lift as well as wear and overheating issues. Installing 

a check valve, situating a volumetric pump upstream of the centrifugal pump, 

lowering the pump below the fluid level, or utilizing self-priming systems are the most 

popular ways to deal with such problems. [28], [31]  

 

4.2. Hydraulic parameters 

 

When sizing the pump, the first task is to determine the flow rate Q required for the 

system.  

In the first part of the system, between reservoir A and reservoir B, there is already a 

turbine with a nominal flow rate of 0,75 m3/s. Consequently, at least in the initial 

phases of sizing, the choice falls on using a pump that has the same flow rate. In this 

way, it will not be necessary to change the turbine and the waterways. However, as 

we saw in Chapter 3 a potential increase in flow rate could yield benefits; in that case, 

it will always be a logical choice to have a pump with roughly the same flow rate as 

the selected turbine. 
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The second step involves determining the total head H, calculated using the Equation 

(4.1). 

 

𝐻[𝑚] = 𝐻𝑔 + 𝛥𝐻 (4.1) 

 

Where: 

• Hg[m]: denotes the manometric head, which is the pressure differential between 

the two reservoirs, the geometric head, which is the elevation difference 

between the suction and discharge reservoirs and the kinetic term [32]. 

• ΔH [m]: head losses 

Equation (4.2) is used to calculate Hg, where the suction reservoir is denoted by 1 and 

the discharge reservoir by 2. For the first part of the plant, this value is approximately 

290 meters. 

 

𝐻𝑔 = 𝑍2 − 𝑍1 + 
𝑃2 − 𝑃1
𝜌 ∙ 𝑔

+
𝑣2
2 − 𝑣1

2

2 ∙ 𝑔
 (4.2) 

 

Regarding ΔH, it represents the head losses, which can be classified into concentrated 

and distributed losses, and it is the sum of the losses in suction and discharge duct. 

[32] 

Concentrated losses are associated with dissipative phenomena where the flow motion 

is disturbed; they occur at bends, fittings, and valves. They are generally calculated 

using Equation (4.3). [34] 

 

𝛥𝐻𝑙𝑜𝑐[𝑚] = 𝜉 ∙
𝑣2

2 ∙ 𝑔
 (4.3) 

 

It is evident that the concentrated losses depend on the fluid velocity and ξ, which is 

the coefficient of concentrated losses and depends on the Re. 

 

𝑅𝑒 [−] =  
𝜌 ∙ 𝑣 ∙ 𝐷

𝜇
 (4.4) 
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Where:  

• ρ [kg/m3]: water density 

• v [m/s]: water velocity 

• D [m]: penstock or tunnel diameter  

• μ [m2/s]: kinematic viscosity  

 

Distributed losses are related to dissipative phenomena due to friction between the 

fluid and the walls of the penstock and occur along its entire length. They are 

calculating using Equation (4.5). [32], [34] 

 

𝛥𝐻𝑑𝑖𝑠𝑡[𝑚] = 𝜆 ∙
𝐿

𝐷
∙
𝑣2

2 ∙ 𝑔
 (4.5) 

 

The fluid velocity, λ, and penstock diameter and length all affect these losses.  

The friction coefficient, λ, is influenced by Re and the penstock relative roughness. It 

is usually obtained from the Moody diagram, which is depicted in Figure 4.4 and 

shows three distinct areas that change based on the Re and the kind of flow. The first 

is the region of laminar flow, which is followed by a zone of transition between laminar 

and turbulent flow. Lastly, the region of fully turbulent flow, where the friction 

coefficient is a function only of relative roughness and stays more or less constant with 

Re variation in the case of rough pipes.  In the case of a smooth pipe, the friction 

coefficient is a function of the Re only, as it can be assumed that the relative roughness 

is zero. [32], [34] 

 

 

Figure 4.4: Moody diagram [34] 
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Because the Re in the waterways is frequently greater than 105 due to both high 

velocity and huge penstock size, the flow is typically assumed to be turbulent in 

hydroelectric applications. Chaotic velocity variations, which improve momentum 

and energy transport, are an important attribute characteristic of turbulent flow. 

Assuming turbulent flow simplifies the waterways analysis because it allows the use 

of well-established techniques for estimating loss computations.  

Going to summarize, the total losses can be expressed for each pipe (i) of the plant by 

the Equation (4.6). 

 

𝛥𝐻𝑖 = [𝜉𝑖(𝑅𝑒, 𝑠ℎ𝑎𝑝𝑒) + 𝜆𝑖 (𝑅𝑒,
𝜀𝑖
𝐷𝑖
) ∙
𝐿𝑖
𝐷𝑖
] ∙

𝑉𝑖
2

2 ∙ 𝑔
 (4.6) 

 

The latter can then be expressed as a function of flow rate through the Equation (4.7). 

[32] 

 

𝛥𝐻𝑖 = [𝜉𝑖(𝑅𝑒, 𝑠ℎ𝑎𝑝𝑒) + 𝜆𝑖 (𝑅𝑒,
𝜀𝑖
𝐷𝑖
) ∙
𝐿𝑖
𝐷𝑖
] ∙

16 ∙ 𝑄2

2 ∙ 𝑔 ∙ 𝜋2 ∙ 𝐷𝑖
4 (4.7) 

 

It is worth noting that losses depend on the square of the volumetric flow rate, which 

will be particularly useful when discussing the operating point later in this chapter. 

For simplicity, in Chapter 3.4 the losses along the pipes were calculated using Equation 

(3.9) which is an empirical equation. Calculations show that the plant initial section 

has a loss of roughly 13 meters, which, when added to Hg, makes for a total head of 

nearly 302 meters. Naturally, these values differ somewhat based on the two reservoirs 

elevations and, consequently, the hydrology of each individual year. 
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4.3. Performance parameters 

 

After the discussion about the hydraulic parameters, it is now possible to introduce 

those related to the performance. 

The actual power absorbed must then be determined using Equation (4.8) once the 

flow rate and head parameters have been determined. 

 

𝑃 [𝑀𝑊] =  
𝜌𝑔𝐻𝑄

𝜂
 (4.8) 

Where:  

• ρ [kg/m3]: water density 

• g [m/s2]: gravity acceleration 

• H [m]: total head 

• Q [m3/s]: flow rate 

• η [-]: pump overall efficiency 

 

η stands for the pump overall efficiency, which helps differentiate between two types: 

mechanical and hydraulic efficiency. While the latter accounts for the dissipation of 

mechanical energy, the former considers the fluid-dynamic losses associated with the 

compression of the actual liquid and its motion along the pipes. [35] 

Assuming a typical efficiency of around 85%, about 2,5 MW of power is needed. 

Then the plant operating point is analyzed. This includes a pair of values for head and 

flow rate that meet Equation (4.9). [35] 

 

𝐻𝑃[𝑚] = 𝐻𝑅[𝑚] (4.9) 

 

Where: 

• HR [m]: head that the plant needs  

• HP [m]: head provided by the pump.  

 

Equation (4.7) shows that the losses, which are proportional to the square of the 

volumetric flow rate, determine the head needed. Consequently, by plotting the 

equation on a Q-H graph, a curve like the one shown in Figure 4.5 is obtained. [32] 
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Figure 4.5: Head required by the plant 

 

The head provided by the pump is also a function of the square of the flow rate but 

with a downward concavity, and it is typically provided by the pump manufacturer. 

By combining the two curves into a single graph, a pattern like the one in Figure 4.6 is 

obtained, where the intersection of the two curves represents the operating point of 

the system. At this point, the two values of its coordinates, one for the volumetric flow 

rate and one for the head, will be associated, allowing the resolution of the Equation 

(4.9). [30] 

 

 

Figure 4.6: Operating point chart [30] 

 

The phenomena of cavitation must be introduced in order to address the last factor 

that needs to be taken into account in order to complete the system sizing 

Cavitation, a process that can happen in hydraulic devices, is the evaporation of the 

working fluid in its liquid state, as a result of a drop in pressure. 
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For example, at the blades of hydraulic machines, local pressure drops may occur, 

which can cause the vapor pressure to be reached, leading to the formation of vapor 

bubbles [31]. However, these bubbles do not last and implode as soon as they exit the 

low-pressure zone, causing serious damage to the machine. [28], [30]  

Typically, the occurrence of cavitation results in a decrease in the pump performance, 

particularly a reduction in efficiency and head produced. This is due to the fact that 

the implosions generate small local shock waves that damage the surfaces of the blades 

[29]. Therefore, cavitation is a phenomenon that must be absolutely avoided during 

the plant and pump sizing phase [35]. 

In pumps, cavitation limits the suction height, that is, the elevation at which the pump 

can be positioned relative to the suction reservoir. The equation that allows this 

phenomenon to be avoided is the (4.10). [32] 

 

𝑃𝑠𝑢𝑐 − 𝛥𝑃𝑝 > 𝑃𝑣 + 𝑃𝑑𝑖𝑠,𝑔𝑎𝑠 (4.10) 

Where: 

• Psuc [kPa]: pump suction pressure 

• ΔPP [kPa]: pressure drop inside the pump 

• PV [kPa]: vapor pressure of the liquid  

• Pdis,gas [kPa]: partial pressure of the gases dissolved into the liquid.  

 

Using Equation (4.10) and Bernoulli's theorem between the suction reservoir and the 

pump inlet section, the maximum height at which the pump can be positioned to avoid 

cavitation is determined [32]. 

If, in fact, by separating the plant variables from those related to the pump in the 

previously mentioned equations, the respective NPSHs (Net Positive Suction Head) 

are obtained. NPSH is the head required by the pump to prevent the formation of 

cavitation [35]. Consequently, it is always necessary to ensure that: 

 

𝑁𝑃𝑆𝐻𝑝𝑙𝑎𝑛𝑡 > 𝑁𝑃𝑆𝐻𝑝𝑢𝑚𝑝 (4.11) 

 

Where: 

• NPSHplant [m] depends on the characteristics of the system and the fluid used 

• NPSHpump [m] is related to the internal pressure drop within the pump and its 

kinetic head [32]. 



54 | Pump sizing 

 

 

Both NPSH values vary with the flow rate; in particular, they are both proportional to 

the square of the flow rate. The curve of the NPSH of the plant has a downward 

concavity, while the one of the pump has an upward concavity [36]. An example is 

shown in the graph in Figure 4.7, cavitation will be absent in the area before the 

intersection point of the two curves. 

 

 

Figure 4.7:  Variation of NPSHs with flow rate [36]  

 

During the pump sizing phase, it will be necessary to select a pump that requires a 

reduced NPSH, minimizing the risk of cavitation as much as possible. At the same 

time, it must always be verified during operation that the system can provide an NPSH 

greater than what is required [35]. If this is not the case, some strategies need to be 

considered to solve the problem. For example: lowering the pump, reducing suction 

head losses by simplifying the piping, using a pump with reduced NPSH 

requirements, or using multistage pumps. 

In Figure 4.8 Q – H, Q – P, Q – η and Q – NPSH curves of a real pump that could be 

used for Plant A under analysis are shown. 

Since the flow rate of the pump under consideration is 0,375 m3/s, which is half of the 

required flow rate during the sizing phase, it will be necessary to install two pumps of 

this type in parallel. In fact, when two hydraulic machines are placed in parallel, the 

head will remain the same, but the flow rates would add up [28]. From the graph, it 

can already be seen that a pump of this type would allow the required head to be 

reached. 
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Figure 4.8: Real pump for Plant B 
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Another possible pump is shown in Figure 4.9, where the flow rate is 0,25 m3/s, one-

third of the required rate. As a result, for the same reason mentioned earlier, three 

machines of this type will need to be installed in parallel. 

 

 

Figure 4.9: Real pump for Plant B 

 

To conclude: in the first configuration, there would be two pumps in parallel, each 

with a power of 1430,7 kW and an efficiency of 82,4%. In the second, there would be 

three pumps in parallel, each with a power of 853,4 kW and an efficiency of 84,5%. 

Machines’ data sheets and technical drawings can be found in Appendix B.1. 
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As for the second part of the system, from reservoir B to reservoir C, the sizing of the 

machines is done in the same way. What changes are the geometry of the system and 

the waterways, and consequently the choice of machines to use. The pump can again 

be a centrifugal pump, but here the flow rates are 1.25 m3/s, Hg is about 610 meters, 

while Hloss is 37,6 meters. Therefore, the power, according to Equation (4.8) and 

assuming an efficiency of 85%, will be about 9.5 MW. 
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5 Economic and feasibility analysis 

The last chapter deals with the economic analysis of the PSH plant that would be built 

in the first part of the system, from reservoir A to reservoir B. CAPEX and OPEX will 

be considered, and the operating points that would optimize profits will be found. In 

particular, through an NPV analysis, it will go to assess how much the remuneration 

for the ancillary services offered by the plant should be, in order to consider the 

investment profitable. Ultimately, the Levelized Cost of Storage (LCOS) will be calculated 

and an assessment of the environmental impact of the plant will be made by 

calculating the cost and how many CO2 emissions are avoided. 

 

5.1. Main costs of a pumped storage system 

 

The first part of the chapter will highlight what are the main costs associated with the 

transformation of the hydroelectric plant, from reservoir A to reservoir B, into a PSH. 

They have been divided into two major families, CAPEX (capital expenditure) and 

OPEX (operational expenditure). 

The first refer to capital expenditure; they correspond to the purchase of physical and 

fixed assets. They are all investments that allow to improve or increase the 

productivity of a firm; they are long-term investments that will be amortized over the 

years. Since, in the case under analysis, they involve the purchase of assets that are 

generally not commercially available on large scale, they were derived through 

parametric equations according to the main characteristics of the plant. However, the 

costs of the pumps and turbines were verified through outside companies that 

specifically deal with the sale of the machines. [37] 

OPEX, on the other hand, are the costs associated with the operation and maintenance 

of the facility; they are not amortized over the years but are deducted directly in the 

period in which they are incurred. They generally increase from year to year because 

of the increasing wear of the components over the years, which requires increasing 

O&M costs. 

CAPEX are divided into: [37] 

• Electromechanical equipment: in turn divided into pumping sets, for example 
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cost for the pump, motor and their various accessories; and electrical 

equipment, like cabins in HV, MV, LV, service stations and everything related 

to automation  

• Civil works: the new building or expansions of existing ones in order to put the 

pumps and their components 

• Waterways costs: where existing pipelines need to be replaced 

• Turbine costs: necessary to replace the existing turbine in case the flow rate is 

increased beyond 0,75 m3/s  

• Hydraulic equipment: these are the costs for valves and pipes for connections 

to existing waterways  

• Other costs such as overheads, contingency and miscellaneous 

 

In Figure 5.1 it can be seen which of the CAPEX have the greatest impact. The figure 

on the left shows the case where the circulating flow rate between reservoir A and 

reservoir B is not changed and is maintained at 0,75 m3/s. As a result, there are no costs 

for the new turbine and waterways replacement. The largest items are those related to 

the purchase of the pump and its accessories (53%) and for civil works (22%). Pipes 

(15%) represents steel pipes for the connection to the existing waterways. In the one 

on the right, on the other hand, the flow rate is 1,5 m3/s, and the importance of costs 

for the turbine and its accessories (28%) and new waterways (12%) is also noted.   

 

       

Figure 5.1: CAPEX’s pie chart for Q= 0,75 m3/s (left) and Q= 1,5 m3/s (right) 

 

Naturally, the total CAPEX value in the case on the right is much greater than the one 

on the left. 

As previously mentioned, the costs of individual items are defined by equations that 

are a function of plant characteristics. For example, the costs of the pump, turbine and 

civil works depend on the power of the installed machines, so consequently also on 
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the flow rate. As for the waterways, pipes and valves, the equations vary as their 

diameter and length change. The costs of the pump and turbine were then verified 

working in that sector and allowed for the identification of costs that were as much in 

line as possible with what are today market conditions. However, it should be kept in 

mind that being able to obtain accurate results in this kind of application and in such 

a wide and varied field is extremely complex. 

As far as OPEX is concerned, the main operation and maintenance works, for a PSH 

are represented by: [38] 

• Maintenance of turbines, pumps, waterways and all electrical and mechanical 

equipment 

• Monitoring of water quality, surrounding fauna and flora 

• Improvements, over the years, to the plant control systems to optimize 

operation and safety 

 

OPEX can be calculated by the Equation (5.1) 

 

𝑂𝑃𝐸𝑋 [€] =∑𝑂𝑃𝐸𝑋𝑖−1 ∙ (1 + 𝜆)

𝑛

𝑖=1

 (5.1) 

 

Where: 

• in the first year (i=0), they can be approximated at 2.5% of the total CAPEX [39]:  

 

𝑂𝑃𝐸𝑋1[€] = 0,025 ∙ 𝐶𝐴𝑃𝐸𝑋 (5.2) 

 

• λ = 0,011 [39] is the yearly increase year over year due to deterioration of the 

components 

• n = 50 years is the lifetime of the plant, which normally varies according to type 

and operating conditions. [39], [40]. 
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5.2. Optimal point to maximize profits 

 

The goal of the next step was to find the plant optimum point, that is the value of the 

flow rate that would maximize profits. 

It was chosen to carry out an analysis on the flow rate since all cost and revenue item 

depend on it. The only exception are the waterways, connection pipes and valves cost 

functions, which originally depend on the waterways diameter. However, as seen in 

Chapter 3.4, diameter increases to keep the pressure drop constant when the flow rate 

increases. Therefore, the diameter becomes a function of Q.  

The range of the flow rate that could circulate in the system was identified. 

Considering that reservoir B can contain a maximum of 39˙000 m3 with a minimum of 

4˙840 m3, assuming pumping for a duration of four hours, the maximum volumetric 

flow rate is 2,4 m3/s. Consequently, the Q will be able to vary in the range of 0 to 2,4 

m3/s. With these flow rate values, retracing the steps taken in Chapter 3.4, the values 

for the penstock diameter are ramping between 0,55 m (the existing ones) and 1 m. 

Having then found the range of variation of Q and D, it is possible to derive all the 

costs related to the plant as a function of the flow rate. 

Figure 5.2 encloses all the costs as the flow rate varies. In order to merge the investment 

and operation and maintenance costs, OPEX were summed up for all the years of the 

plant’s lifetime. Although conceptually incorrect, especially for plants with such long 

lifetime, since inflation becomes a not negligible factor when comparing projected 

expenses in fifty years into the future and investments made in year zero, this 

approach still allows for understanding of how all costs increase as the flow rate 

changes.  

 

 

Figure 5.2: Total cost as a function of the flow rate 
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It can be seen from the graph in the figure that, as was to be expected, costs increase 

with increasing flow rate and plant size. In particular, there is a major step near 0,75 

m3/s, which is related to the need to change the turbine and waterways, beyond that 

value. 

So, it is necessary to see if an increase in the flow rate is matched by a sufficient increase 

in revenues to justify a larger investment. Revenues are derived from two main 

sources. The first is related to the difference in price between production and pumping, 

which has already been extensively discussed in Chapter 3.  

The second type of remuneration is connected to the capacity that is made available 

by the plant for the ancillary services. The plant makes available, in addition to normal 

power both in production and pumping, a certain amount of capacity, which is 

remunerated in euros per MW, that it must be able to provide whenever there is a 

demand from the power grid. This power is dedicated to ancillary services and made 

available to ensure a more secure and stable electricity system. 

Revenues, unlike costs, do not depend solely on flow rate. Those derived from the 

difference in price between production and pumping, in fact are closely linked to the 

performance of the electricity price. Making future forecasts, for a 50-year time 

horizon, that are able on a daily and hourly basis to provide the value of the PUN is 

particularly complex. 

In any case, a future forecast of the PUN, made by an external company, and all the 

equations discussed in Chapter 3.2, from (3.3) to (3.7), were used to obtain the revenues 

from the difference in price between production and pumping over the lifetime of the 

plant. Following this methodology, the results depend only on the flow rate circulating 

in the plant.  

For what concern the remuneration from the ancillary services, it depends only on the 

installed power and thus on the flow rate Q. In order to conclude the analysis in an 

attempt to find an optimal point for the plant, a remuneration of 55˙000 €/MW/Y was 

assumed to be roughly in line with the auctions for the 2024 capacity market for the 

power production in northern Italy. [41] 

Earnings were calculated simply by subtracting costs from revenues. The more correct 

economic analysis, with the calculation of the cash flow and NPV, will be done in the 

next subchapter. What is being done now simply allows to write the earnings obtained 

as a function of the flow rate circulating in the plant. Figure 5.3 shows where the peaks 

are, that are the points at which the earnings are maximum.  

It can be seen that there are two maximum peaks, one when the flow rate is 0,75 m3/s, 

while the other is with the maximum value of Q. The first is related to the fact that at 

0,75 m3/s there is the maximum value beyond which it becomes necessary to replace 

the turbine and the waterways. The second, which also coincides with the maximum 

earnings of the plant, is located precisely where the greatest benefits could be expected. 
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Since both costs and revenues increase as the flow rate increases, the greater the flow 

rate in the plant, the greater the earnings will be. 

 

 

Figure 5.3: Costs, revenues and earnings as a function of Q 

 

It is also worth noting that, especially for high levels of installed capacity, the highest 

revenues are obtained through the remuneration of the power made available by the 

plant for ancillary services. It was pointed out in Chapter 3.4 that an increase in 

capacity was matched by an increase in earnings through the difference in price for 

production and pumping, but this did not increase proportionally with an increase in 

Q. In contrast, remuneration through the capacity market increases proportionally 

with an increase in available power. 

If Plant A is converted into PSH system, Figure 5.3 shows that there are two best 

options: 

• The first, which is the simplest, less expensive, requires less works and changes, 

in which the pumping and turbine modes are carried out for four hours each 

with 0,75 m3/s of water (the maximum in the current plant) 

• The second, which is more expensive and complex but will yield greater 

economic benefits in the long term, in which the pump-turbine cycle lasts 8 

hours and the flow rate is 2,4 m3/s. 
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5.3. Financial analysis: NPV 

 

In this part of the chapter, an economic analysis is carried out to determine whether 

the investment can be profitable. To do so, the Net Present Value is calculated assuming 

a lifetime for the plant of 50 years. [40] 

After calculating CAPEX and OPEX as explained in Chapter 5.1, the investment cost 

is assumed to be amortized over a period of 25 years. In this way, the profits for the 

financial analysis of each individual year, identified with the letter i, are calculated 

using Equation (5.3). 

 

𝑇𝑎𝑥𝑎𝑏𝑙𝑒𝑖𝑛𝑐𝑜𝑚𝑒𝑖[€] = 𝑅𝑒𝑣𝑖 −𝑂𝑝𝑒𝑥𝑖 − 𝐴𝑚𝑜𝑟𝑡𝑖 (5.3) 

 

Once profits are found, it is necessary to calculate the taxes that will be applied on 

them. There are two taxes for this kind of business in Italy:  

• IRES: amounts to 24% [42] and is the company’s income tax, it is calculated on 

the taxable income that takes into account all the company’s revenues and costs, 

including the amortization 

• IRAP: is the regional business tax, it changes from region to region but generally 

stands at 4% [42]. The taxes for each year will then be: 

 

𝑇𝑎𝑥𝑒𝑠𝑖[€] = 𝑇𝑎𝑥𝑎𝑏𝑙𝑒𝑖𝑛𝑐𝑜𝑚𝑒𝑖 ∙ (𝐼𝑅𝐸𝑆 + 𝐼𝑅𝐴𝑃) (5.4) 

 

Next step is the calculation of the expenses, which are given by the costs plus taxes. 

 

𝐸𝑥𝑝𝑖[€] = 𝐶𝐴𝑃𝐸𝑋𝑖 + 𝑂𝑃𝐸𝑋𝑖 + 𝑇𝑎𝑥𝑒𝑠𝑖 

 

Cash flows are obtained through Equations (5.5).  

 

𝐶𝐹𝑖[€] = 𝑅𝑒𝑣𝑖 − 𝐸𝑥𝑝𝑖 (5.5) 

 

Adjusted Cash Flow ACF and consequently the NPV are determined from Equations 

(5.6) and (5.7).  
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The discount rate, which is the rate used to discount future cash flows, is assumed to 

be 5% [43]. 

 

𝐴𝐶𝐹𝑖[€] = 𝐶𝐹𝑖 ∙ (1 + 𝑟𝑑𝑖𝑠𝑐)
−𝑖 (5.6) 

𝑁𝑃𝑉[€] =∑𝐴𝐶𝐹𝑖

𝑛

𝑖=0

 (5.7) 

 

Within the economic analysis, it was chosen to find the value of remuneration from 

ancillary services that would zero out the NPV. This would make it possible to find 

the minimum value that would ensure that the investment would not go into an 

economic loss. 

Having a zero NPV means that, beyond that obtained value of remuneration in €/MW 

the investment would be considered financially viable, since it would generate a return 

greater than the chosen discount rate. 

Table 5.1 depicts the results obtained for the two optimum values identified in Chapter 

5.2. 

 

Table 5.1: Results for the most cost-effective flow rates 

 Ppump [MW] CAPEX OPEX Rev from A.S.  

Q= 0,75 m3/s 2,5 2˙709˙000 € 4˙482˙600 € 90˙700 

€/MW/Y 
Q= 2,4 m3/s 8,5 8˙164˙200 € 13˙509˙000 € 84˙300 

€/MW/Y 
 

Where:  

• Ppump: pump power in MW 

• CAPEX represents the investment cost for the entire lifetime of Plant A 

• OPEX represents the O&M cost for the entire lifetime of Plant A following the 

Equation (5.1) 

• Revenues from A.S. are the annual revenues from ancillary services required to 

achieve a zero NPV  

 

It can be seen that the best results, that is where the remuneration from the capacity 

market is lower, are for the maximum flow rate value circulating in the plant. The 

value obtained is slightly higher than the values of the 2024 capacity market auctions. 
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If it is decided to not exceed the threshold of 0,75 m3/s, the remuneration of ancillary 

services for zeroing the NPV is slightly higher than one in the previous case. 

From the table it can also be seen that, under today’s conditions, the transformation of 

a small hydropower plant into a PSH is no longer economically sustainable with 

electricity price fluctuations only. Therefore, remuneration through the capacity 

market becomes necessary, but the required values are still too high for today’s 

conditions. 

The graph in Figure 5.4 shows which are the values of the remuneration for the 

ancillary services to ensure that the NPV is equal to zero, depending on the variation 

in the flow rate. 

 

 

Figure 5.4: Revenue from capacity market to reach NPV=0 

 

From the graph, what was already seen in Figure 5.3 is confirmed. As the flow rate 

increases there is a gradual decrease in the €/MW required to achieve zero NPV. There 

is only a jump at Q equal to 0,75 m3/s for the reasons already explained before. 
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5.4. Levelized cost of storage  

 

In this section, another important aspect is evaluated to complete the economic 

analysis on Plant A, the LCOS. 

The levelized cost of storage is very similar to the levelized cost of electricity but consider 

the specific characteristics of energy storage. 

The LCOE measures the cost of electricity generation by including initial investment 

costs and operation and maintenance costs. It is used to assess the economic 

competitiveness of different power generation technologies. It is useful for comparing 

the cost per unit of energy among different energy sources, allowing analysis of which 

technology is more cost-effective. The LCOE considers the entire lifetime of a plant, 

allowing a more comprehensive economic analysis. 

In addition to this, LCOS also takes into account the energy consumption of the pumps 

to store water in the upstream reservoir. In this way, no expenses associated with the 

storage system are left out, unlike when only the LCOE is considered. 

The levelized cost of storage is calculated using Equation (5.8) 

 

𝐿𝐶𝑂𝑆 [
€

𝑀𝑊ℎ
] =  

∑ (𝐶𝐴𝑃𝐸𝑋𝑖 + 𝑂𝑃𝐸𝑋𝑖 + 𝐶𝑃𝑢𝑚𝑝𝑖)
𝑛
𝑖=0

𝑇𝐸𝑃
 (5.8) 

 

Where:  

• Cpump,i  [€]: annual cost of the energy consumed for pumping 

• TEP [MWh]: Total Energy Production, that is the energy produced by the plant 

over its lifetime.  

It is assumed to be in the scenario with this input data: 

• Q= 0,75 m3/s  

• t= 4 hours both for pumping and turbine mode.  

• TEP= 20˙490 MWh obtained with Equation (3.5) for the entire Plant A lifetime 

• Cpump = 1˙056˙700 € obtained with Equation (3.4) for the entire Plant A lifetime 

LCOS calculated through (5.8) becomes: 

 

𝐿𝐶𝑂𝑆 =
2˙709˙000 € + 4˙482˙600 € + 1˙056˙700 €

20˙490 𝑀𝑊ℎ
= 402,55 €/𝑀𝑊ℎ (5.9) 
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It is possible to compare the value obtained with those in Figure 5.5 of other storage 

technologies currently in use, in a 2019 analysis published by Navigant Research. [44]  

It can be seen that the LCOS value of the plant under analysis is very high. This is 

further confirmation of what has been said, an investment in a plant of this size, with 

the modifications it needs, is not particularly profitable. From an economic point of 

view, it is not advantageous either compared to the average PSH plants, which stands 

at 177$/MWh [44], or to other storage technologies. 

 

Figure 5.5: Average LCOS for Energy Storage System [44] 

 

5.5. Environmental impact 

 

In order to include the environmental impact, it is important to calculate the cost of 

the avoided CO2.  

 

𝐶𝐶𝑂2,𝑎𝑣 [
€

𝑘𝑔
] =

𝐿𝐶𝑂𝑆𝑃𝑆𝐻 − 𝐿𝐶𝑂𝐸𝑁𝐺𝐶𝐶
𝑒𝐶𝑂2,𝑁𝐺𝐶𝐶 − 𝑒𝐶𝑂2,𝑃𝑆𝐻

  (5.10) 

 

NGCC stands for Natural Gas Combined Cycle, that is, the most efficient technology 

among conventional power plants. The reference values are:  

• LCOSPSH = 402,55 €/MWh which is the one calculated above 

• LCOENGCC= 35 €/MWh average LCOE for a natural gas combined cycle plant 

[45] 

• eCO2,PSH = 24 kg/MWh average CO2 emissions for the hydropower sector, related 

to plant construction [46] 
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• eCO2NGCC  = 440 kg/MWh, average CO2 emissions over the entire lifetime of an 

NGCC [46], [47] 

As a result, the cost of avoided CO2 emissions is 0,884 €/kg 

To assess the environmental impact, it may be useful to calculate the CO2 emissions 

avoided, compared to an NGCC power plant. The environmental benefits of using a 

PSH plant are significant, given its very low CO2 emissions. 

The total CO2 emissions from the plant under analysis, again under the scenario of Q 

equal to 0,75 m3/s and with a 4-hour pump and turbine mode, are: 

 

𝐸𝐶𝑂2,𝑃𝑆𝐻 = 𝑒𝐶𝑂2,𝑃𝑆𝐻 ∙ 𝑇𝐸𝑃 = 491,8 𝑡𝑜𝑛 (5.11) 

 

Those deriving from an NGCC power plant with the same TEP would be equal to: 

 

𝐸𝐶𝑂2,𝑁𝐺𝐶𝐶 = 𝑒𝐶𝑂2,𝑁𝐺𝐶𝐶 ∙ 𝑇𝐸𝑃 = 9˙015,6 𝑡𝑜𝑛 (5.12) 

 

In conclusion, the CO2 emissions avoided are equal to: 

 

𝐸𝐶𝑂2,𝑎𝑣 = 𝐸𝐶𝑂2,𝑁𝐺𝐶𝐶 − 𝐸𝐶𝑂2,𝑃𝑆𝐻 = 8˙523,8 𝑡𝑜𝑛 (5.13) 

 

This result highlights the significant saving in terms of emissions that would be 

achieved by using a PSH plant like the one under examination rather than an NGCC 

which still represents, to date, the most efficient conventional technology. A small 

plant with around 2 MW of installed power would save more than eight and a half 

thousand tons of CO2 emissions over its entire lifetime. 
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Conclusion 

This thesis started by addressing the problem of increasing greenhouse gas emissions 

and climate change, and, consequently introduced how pumped storage hydroelectric 

plants can help mitigate these issues. Indeed, nowadays, PSH plants are experiencing 

a revival after rapid abandonment in the early years of the 21st century. 

From a theoretical point of view, PSH plants, along with electrochemical batteries, fit 

perfectly into today context of energy transition. In the initial chapters, how they can 

contribute as support to the penetration of renewable energy sources, was explained. 

Subsequently, their significant role was also shown in providing ancillary and 

balancing services for the electric grid, both for the transmission and distribution 

system of national electricity. 

The practical feasibility of utilizing hydroelectric plants for these purposes was then 

evaluated through the analysis of an existing hydroelectric power plant located in 

Northern Italy. This thesis succeeded in creating models to handle the large amount of 

data of the system and to calculate the energy produced and required for pumping.  

From a purely technical point of view, the transformation of the current system into a 

PSH system is feasible, especially for plant A, from reservoir A to reservoir B. For what 

concern the second part, Plant B, the transformation is still feasible but more complex, 

since it requires the construction of a lower reservoir. 

Through the analysis of the available data, it was discovered that the revenue 

obtainable from the sale of electricity, by taking advantage of the variation in the PUN 

prices, is not sufficient to positively repay the possible investment. In fact, the analysis 

pointed out that the plant needs to be remunerated for the power made available to 

provide services for balancing the power grid. Even if this is the case, the remuneration 

required to make the NPV equal to zero, thus, to make the investment profitable, is 

still too high compared to the current value that can be obtained from the market.  

Throughout calculations of avoided CO2 emissions, it was seen how important a PSH 

plant can be in terms of environmental impact.  

The models used in this thesis can also be used on other similar plants. This analysis 

gives the possibility to assess the positive outcomes of small PSH plants in the current 

context of energy transition. It also helps to understand the present status of PSH 

plants and which future steps are needed to better integrate them. 
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Possible incentives will be needed in the future in order to involve this technology 

more in the current scenario. The thesis highlighted how beneficial any reduction in 

pumping cost can be. 

Continuing to develop and study technologies such as electrochemical storage is 

equally crucial as it is for hydroelectric storage. In Italy, there is still an important 

exploitable potential, both thanks to the geographic conformation of the territory and 

to the experience in this sector. Balancing these technologies will ensure a more 

efficient and sustainable management of the energy system by maximizing the benefits 

of available natural resources.  
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A Appendix A 

The first appendix discusses a more detailed exploration of the topic introduced in 

Chapter 3.4, regarding the relationship between the flow rate and the penstock size. 

In particular, it is verified, through the Darcy-Weisbach equation, whether the 40% 

increase in the diameter of both the penstock and the tunnel that was obtained, 

represents a reasonable value when doubling the flow rate, with the aim of 

maintaining constant pressure drop. 

The Equation below 

 

𝛥𝐻 = 𝑓 ∙
𝐿 ∙ 𝑣2

2 ∙ 𝑔 ∙ 𝐷
 (A.1) 

 

represents the Darcy-Weisbach equation, a fundamental formula in hydraulic 

engineering that permits the calculation of the pressure drops in fluid system. From 

(3.11) the Equation (A.2) is obtained. 

 

𝛥𝐻 ⋉
𝐿 ∙ 𝑣2

2 ∙ 𝑔 ∙ 𝐷
 (A.2) 

 

The relationship illustrates that the pressure drop is directly proportional to the length 

of the penstock and the square of the velocity, and inversely proportional to the 

diameter. By combining this equation with the velocity one, that is (A.3) below, which 

is derived from the inverse of the volumetric flow rate formula.  

 

𝑣 =
𝑄

𝐴
 (A.3) 

 

An expression for pressure drops as a function of the volumetric flow rate Q, which is 

the key variable in this analysis, is obtained.  
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𝛥𝐻 ⋉
𝐿 ∙ (

𝑄
𝐴
)
2

2 ∙ 𝑔 ∙ 𝐷
=
8 ∙ 𝐿 ∙ 𝑄2

𝑔 ∙ 𝜋2 ∙ 𝐷5
 (A.4) 

 

To determine the impact of an increased flow rate, the pressure drop for the initial flow 

with the pressure drop for the doubled flow rate are equalized, incorporating the new 

dimensions of the penstock and tunnel: 

 

8 ∙ 𝐿 ∙ 𝑄1
2

𝑔 ∙ 𝜋2 ∙ 𝐷1
5
=
8 ∙ 𝐿 ∙ 𝑄2

2

𝑔 ∙ 𝜋2 ∙ 𝐷2
5
 (A.5) 

 

Since the flow rate is doubling: 

  

𝑄2 = 2 ∙ 𝑄1 (A.6) 

 

Substituting this into the previous equation and simplifying common terms, it is found 

that: 

 

𝐷2 = √4
5

∙ 𝐷1 ≃ 1,32 ∙ 𝐷1 (A.7) 

 

Using the Darcy-Weisbach relationship, it is theoretically determined that if the flow 

rate in a pipe system doubles, with the goal to keep constant pressure losses, the 

diameter of the penstock should increase by about 32%. However, in the experimental 

calculations described in Chapter 3.4, the required diameter increase that was found 

was approximately 40%. 

The slight discrepancy between the theoretical prediction and the experimental result 

is justifiable. Theoretical calculations typically rely on simplified assumptions, such as 

idealized flow conditions and uniform material properties, which do not fully capture 

the complexity of real-world conditions. In practice, factors such as turbulence, pipe 

roughness, and minor flow irregularities can affect results, so a deviation of this kind 

is acceptable and falls within the typical margins in engineering analysis. [48] 

As a consequence, an increase in the penstock diameter of 40% is totally justified also 

from a theoretical point of view.
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B Appendix B 

The second appendix encloses data sheets and technical drawings of possible 

machines that could be used in plant A transformed into a PSH 

 

B.1. Pumps data sheets for Plant A 

 

Data sheets and drawings of possible pumps that can be implemented in Power plant 

A are attached here. 

B.1.1. 0,375 m3/s pump 

 

 

Figure B.1:  Pump’s technical drawing 
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Figure B.2: Data sheet of the first option pump 
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B.1.2. 0,25 m3/s pump 

 

 

Figure B.3: Data sheet of the second option pump 
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Figure B.4: Pump’s technical drawing 

 

 

B.2. New turbine for Powerhouse A 

 

In the last part of the Appendix, a possible turbine is presented that could be 

substituted for the existing one in case it is chosen to operate at the maximum allowed 

flow rate between the two reservoirs, that is 2,4 m3/s, to take advantage of the condition 

described in Chapter 5.3.  

The head, as already mentioned in Chapter 4, is 290 m and the power would be 

approximately 6 MW. From the sizing, the best solution that is obtained is a Pelton 

turbine with vertical axis and four jets, with an angular velocity equal to 600 rpm. The 

machine built in this way gives excellent efficiencies, all between 89% and 91% even 

as the flow rate decreases. In this way, the machine is not forced to operate at 

maximum load all the time to prevent major decreases in performance. A budget 

quotation, conducted through a market analysis, for a machine of this type, including 

generator, valve, installation and transportation is around 2,25 million euros. 

Plan views of a similar turbine to the chosen one can be seen in the figures below. 
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Figure B.5: 4-jet vertical axis Pelton turbine 
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