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Abstract 

This dissertation combines academic research and the application of its results to a real 
benchmark process. 

With the emerging electro-energetic systems that have a large share of renewable 
sources, hydrogen is becoming an important energy carrier that contributes to the storage 
and usage of surplus green energy and thus reduces air pollution, climate change and can 
be used as a feedstock in a variety of industrial processes. Therefore, hydrogen production 
from renewable energy sources (known as green hydrogen) is important where a 
hydropower plant, as the most stable renewable electrical energy source, can play an 
important role. But today’s green-hydrogen production is barely economically viable due 
to the current price of technological equipment for its production, which is not yet mass 
produced. This prevents green-hydrogen technologies from being widely adopted. 

The basic aims of the dissertation are to address the potential for green-hydrogen 
production in a run-of-river hydropower plant during its regular operation and an 
evaluation of the economics of the cogeneration of electricity and hydrogen. The hypothesis 
is that the development of an appropriate decision-support tool can lead to a better 
hydrogen-system design and its inclusion in a hydropower plant for green-hydrogen 
production. Namely, the proper sizing of the equipment by simultaneously taking into 
account the available water resources and the techno-economic aspects (e.g., current 
electricity prices, the selling price of hydrogen) leads toward a better selection of the 
hydrogen system’s components. It is expected that the developed decision-support tool will 
contribute to (i) efficient simulation scenarios for the evaluation of the techno-economic 
aspects of the hydrogen system’s operation, (ii) a reduction of the investment costs for the 
hydrogen system’s installation, (iii) lowering the hydrogen-production costs and (iv) 
increasing the financial sustainability of investment in a hydrogen system. 

To verify the hypothesis, in the first part of the dissertation we developed a model of 
the hydropower plant’s operation, the model of the hydrogen system and the economic 
model, which describes the link between the equipment type and size, on one hand, and 
related capital investment costs (CapEx) and operating costs (OpEx) on the other. The 
economic model also estimates the resulting costs of hydrogen production and the economic 
outcome of the operation of the entire system. These models were used to set up the 
simulation environment in a MATLAB/Simulink programming platform to conduct the 
various simulation runs and present the simulation results.  

In the second part of the dissertation, we demonstrate the use of the developed models 
and the simulation environment in the evaluation of various scenarios for hydrogen 
production in the case-study hydropower plant. We demonstrated that the use of this tool 
helps to reduce the investment costs for the installation of a hydrogen system, to lower the 
production price of hydrogen and to make the investment in a hydrogen system profitable. 
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Povzetek 

Disertacija združuje akademske raziskave in uporabo pridobljenih rezultatov na vzorčnem 
testnem procesu. 

Z nastajanjem elektroenergetskih sistemov z visokim deležem obnovljivih virov vodik 
postaja tudi pomemben energetski nosilec, ki omogoča shranjevanje presežkov energije, 
zmanjšuje onesnaženost zraka in podnebne spremembe ter se uporablja kot surovina v 
različnih industrijskih procesih. Zato je proizvodnja vodika iz obnovljivih virov energije 
(zeleni vodik) pomembna tema, kjer ima lahko hidroelektrarna, kot najbolj stabilen vir 
obnovljive električne energije, pomembno vlogo. Vendar je današnja proizvodnja zelenega 
vodika težko ekonomsko upravičena zaradi trenutne cene tehnološke opreme za njegovo 
proizvodnjo, ki še ni predmet masovne proizvodnje. To preprečuje široko uporabo vodikovih 
tehnologij. 

Osnovna cilja disertacije sta obravnava možnosti za proizvodnjo zelenega vodika v 
pretočni hidroelektrarni med njenim rednim obratovanjem in ocena ekonomske 
upravičenosti soproizvodnje električne energije in vodika. Hipoteza je, da lahko razvoj 
ustreznega orodja za podporo odločanju vodi do bolj optimalne zasnove vodikovega sistema 
in njegove vključitve v proizvodnjo zelenega vodika v hidroelektrarni. Pravilno 
dimenzioniranje opreme vodikovega sistema namreč ob hkratnem upoštevanju 
razpoložljivih vodnih virov in tehnično-ekonomskih vidikov (npr. trenutne cene električne 
energije, prodajna cena vodika) vodi k optimalnejši izbiri komponent vodikovega sistema. 
Pričakuje se, da bo uporaba razvitega orodja za podporo odločanju prispevala k (i) 
učinkovitim simulacijskim scenarijem za vrednotenje tehnično-ekonomskih vidikov 
delovanja vodikovega sistema, (ii) zmanjšanju investicijskih stroškov izgradnje vodikovega 
sistema, (iii) znižanju proizvodnih stroškov vodika in (iv) povečanju finančne vzdržnosti 
naložbe v vodikov sistem. 

Za preverjanje hipoteze smo v prvem delu disertacije razvili model obratovanja 
hidroelektrarne, model vodikovega sistema in ekonomski model, ki opisuje povezavo med 
vrsto in velikostjo opreme na eni strani ter s tem povezanimi stroški investicije (CapEx) in 
operativnimi stroški (OpEx) na drugi strani. Ekonomski model ocenjuje tudi nastale stroške 
proizvodnje vodika in ekonomski rezultat delovanja celotnega sistema. Ti modeli so bili 
uporabljeni za nastavitev simulacijskega okolja v programski platformi MATLAB/Simulink 
za izvajanje različnih simulacijskih potekov in predstavitev rezultatov simulacije. 

V drugem delu disertacije prikazujemo uporabo razvitih modelov in simulacijskega 
okolja pri vrednotenju različnih scenarijev proizvodnje vodika v vzorčni hidroelektrarni. 
Dokazali smo, da uporaba tega orodja pripomore k znižanju investicijskih stroškov vgradnje 
vodikovega sistema, nižji proizvodni ceni vodika in donosnosti naložbe v vodikov sistem. 
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n . . . compression loss exponent 
ṅ . . . molar flow rate [mol/s] 
NA . . . Avogadro’s number [mol–1] 
NCELL . . . number of electrolyser stack cells  
ne . . . number of electrons in one molecule  
O . . . oxygen 
p . . . pressure [bar] 
P . . . electrical power [kW] 
Q . . . volumetric flow rate [m3/s] 
qEL . . . electric charge of an electron [C] 
R . . . universal gas constant [J/(mol K)] 
t . . . time [s] 
tA . . . hydrogen-system lifetime if not operated [h] 
tL . . . hydrogen-system lifetime [h] 
T . . . absolute temperature [K] 
TF . . . time constant  
UDC . . . voltage of the electrolysis cell [V] 
V . . . volume [m3], unit to voltage [V] 
y . . . unit to year [y] 
γ . . . compression factor 
η . . . energy efficiency [%] 
ρ . . . density (at STP) [kg/m3] 
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Chapter 1 

1 Introduction 

The world is facing increasing energy consumption, air pollution and climate changes. In 
response the European Union is reducing the use of carbon-based fossil fuels and moving 
towards renewable energy sources (RESs) as a bases for energy supply. These decisions, 
supported by policy initiatives [1] and legislative packages [2] of the European Commission, 
and by national energy and environment plans [3], should enable the sustainable, 
environmentally acceptable and carbon-free development of the European Union. 

These decisions inevitably lead to the so-called “green transformation” of the energy- 
supply sector, including the electrical power system, which is demonstrated by the 
European Network of Transmission System Operators for Electricity (ENTSO-E) 
association [4]. The integration of RESs, e.g., wind, photovoltaic and hydropower, is an 
effective way to deal with these problems [5]. Some European countries also envisage 
nuclear power generation as a non-renewable but carbon-free energy source. By 2050, the 
entire energy supply should be carbon-free and based on RESs. 

Hydrogen has the potential to accelerate the process of scaling up clean and renewable 
energy, but its integration into electrical power systems remains under-studied [6]. 
However, research on the topic of using hydrogen-related technologies is becoming more 
intensive, particularly during the last decade [7]. 

Hydrogen technologies can be used to convert electrical energy into the chemical energy 
of hydrogen and vice versa, and to store and transport hydrogen. Electrical energy 
generation by renewable power sources (hydro, wind and solar) very much depends on the 
time of day, the season and the weather, and it cannot follow electrical energy demands. 
One possibility to balance energy generation and consumption is energy storage; however, 
the technical possibilities are very limited and expensive. One option is the conversion of 
any excess electrical energy into the chemical energy of hydrogen using water electrolysis. 
The generated hydrogen can then be stored and used for various purposes (feedstock, fuel) 
or it can be converted back to electrical energy by, e.g., fuel cells or other types of 
generators.  

In the field of worldwide electricity production, hydropower is one of the largest sources 
of renewable energy. In 2020, hydropower generated one-sixth of global electricity, making 
it the third-largest energy source after coal and natural gas [5], [8]. Hydropower's 
contribution is more than half that of nuclear power and greater than that of all the other 
renewable energy sources combined. It should also be noted that compared to wind turbines 
and photovoltaic fields, hydropower plants (HPPs) are the least weather dependent and so 
they remain the backbone of low-carbon electricity generation, providing almost half of it 
today. 

As the most stable renewable electrical energy source, hydropower in connection with 
hydrogen usage can play the central role in the decarbonisation of our society. The 
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introduction of hydrogen system/power-to-gas (P2G) technology [9], [10], [11] into a HPP 
operation enables hydrogen generation, which can be used in carbon-free transport, as 
feedstock in various chemical industries, or as a source of renewable chemicals (e.g., 
methanol, ammonia, synthetic natural gas). The hydrogen produced with electricity from 
hydropower and other RESs has a special value because its production is carbon dioxide 
(CO2) emission free and, consequently, it is called green hydrogen [12]. 

But today’s green hydrogen production is barely economically viable due to the current 
price of the technological equipment for its production, which is not yet mass produced. 
This prevents green hydrogen technologies from being widely adopted. Many articles and 
studies have addressed this issue and claim that the transition to RESs would inevitably 
need  subsidies in the short-to-medium term [13], [14], [15], [16], [17], [18]. These supporting 
policies must be accompanied by lower costs to make the technologies a realistic future 
alternative. The authors in [19] state that if a wind or hydropower plant is upgraded with 
a hydrogen system, the economic viability is increased. The engineering and economic 
analysis [20] suggests that the green hydrogen economy will be a profitable option for 
industrial decarbonisation. It will be more viable in cases where carbon taxes are foreseen, 
and it will become more profitable when hydrogen production equipment costs start to fall 
relative to the current market price. In [21], the author summarises that green hydrogen is 
seen by investors, developers, and politicians as a strong enabler to meet net-zero targets 
and that a market for green hydrogen is opening up, but cost competitiveness remains a 
barrier to scaling up.  

Despite the indisputable advantages of using green hydrogen in various fields, the 
technological feasibility of hydrogen systems, and above all their economic viability, still 
remain open issues. This also applies to HPPs with the ambition to produce green 
hydrogen. 

1.1 Hydrogen Production and Use 
Green hydrogen of very high purity (99.999% and better), produced in the process of water 
electrolysis using electrical energy from RESs, will play an increasingly important role in 
the coming years [22]. It is present in all eight net-zero greenhouse gas emission scenarios 
of the European Commission up to 2050 (A Clean Planet for all: A European long-term 
strategic vision for a prosperous, modern, competitive and climate neutral economy, [23]). 
The proposed strategy is meant to set the direction of travel for EU climate and energy 
policy, and to frame what the EU considers as its long-term contribution to achieving the 
Paris Agreement’s temperature objectives in line with UN Sustainable Development Goals, 
which will further affect a wider set of EU policies.  

Despite the fact that hydrogen is recognised as a promising energy vector/carrier, 
today’s prevailing production method, i.e., steam reforming of natural gas (SMR), is not 
in line with long-term climate and energy goals since such production is not CO2-emission 
free, as it uses natural gas and generates CO2 emissions (“grey hydrogen”). Therefore, a 
hydrogen production process base on electrolysis using the energy from RESs (“green 
hydrogen”) thus has added value and as such it could make a key contribution to reducing 
CO2 emissions, reducing local pollution, ensuring energy independence and helping to 
achieve sustainable goals, as shown in Figure 1.1. 
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Figure 1.1: Potentials for the introduction of hydrogen technologies [24]. 

Over the past few years, several EU countries and others (Japan, China, USA, GB, 
etc.) have adopted their hydrogen strategies and already implemented policies that increase 
the role of hydrogen in a variety of applications. These and other drivers will increase the 
worldwide demand for hydrogen from around 80 million tons per year in 2020 to over 183 
million tons per year in 2050 [25], [26], [27], as shown in Figure 1.2.  

 

Figure 1.2: Outlook for world hydrogen demand in millions of tons per year. 

However, the introduction of green hydrogen as an energy vector/carrier is not only a 
technological challenge, but also requires the coordination and convergence of the goals of 
many political and socio-economic factors. Political will, improved regulation and 
appropriate financial support are the instruments that will be needed to promote the use 
of green hydrogen. Green hydrogen has many benefits, but policy initiatives are also needed 
to help reduce production costs and remove market barriers.  
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The systematic initiatives needed are mainly those that:  

• reduce local emissions; 

• reduce global greenhouse-gas (GHG) emissions; 

• increase energy security through the use of local sources and alternative energy sources; 

• develop new technological areas and thus new jobs (develop and produce equipment for 
hydrogen technologies). 

In addition to political decisions, the ability of industry to reduce the cost of 
manufacturing hydrogen and using the building blocks of hydrogen technologies will be 
extremely important for the future of the hydrogen economy. In this way, the conditions 
for the mass production of green hydrogen and its use will be met. 

1.2 Hydrogen System 
A hydrogen system encompasses equipment for the production, storage and utilisation of 
hydrogen as an essential component of our clean energy future. Designing and dimensioning 
a hydrogen system involves several considerations to ensure its efficiency and effectiveness. 
This section examines the key background information and inputs required for the 
dimensioning of such a system. 

1.2.1 Hydrogen Taxonomy 
In this subsection, different types (described as colours) of hydrogen are presented, 
differentiated according to the production method, feedstock and energy source, and CO2 
generation during production. This dissertation is focused on green hydrogen, which is 
produced from water by electrolysis using RESs [8], [28], [29]. It is called green because no 
CO2 emissions are generated during its production and no fossil fuels are employed. Unlike 
other kinds of hydrogen, this kind is fully in line with the goals of a green transition. There 
are several other types of hydrogen. Blue hydrogen is produced from fossil fuels. The process 
involves carbon (CO2) capture and sequestration (CCS) to avoid the release of CO2 into 
the atmosphere. Grey hydrogen is produced from natural gas and normally uses the steam 
methane reforming (SMR) process, where natural gas is used as both the feedstock and the 
energy source. This process produces CO2 and eventually releases it into the atmosphere. 
The options for hydrogen production that are based on thermal energy (pyrolysis of natural 
gas) result in turquoise hydrogen. Brown and black hydrogen are produced from coal via 
the gasification method. However, this is a very polluting process that produces CO2 and 
carbon monoxide (CO) as by-products and releases them into the atmosphere. The 
literature also contains some less common hydrogen colours such as yellow, red, purple, 
orange and white, but these are not always used consistently. The selected hydrogen colour 
codes and associated production methods are summarised in Table 1.1.  
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Table 1.1: Hydrogen colour codes and associated production methods [30], [31]. 

Colour 
code 

Source of energy Source of 
hydrogen 

Production 
process 

CO2 emissions  
[kg CO2eq/kg H2] 

Green 
hydrogen 

Renewable energy Water Electrolysis 0  

Blue 
hydrogen 

Electricity from non-
renewable energy 

Natural gas/Biomass Steam methane 
reforming with CCS 

0.5–4 

Grey 
hydrogen 

Electricity from non-
renewable energy 

Natural gas Steam methane 
reforming 

9–11 

Turquoise 
hydrogen 

Electricity from non-
renewable energy 

Natural gas Pyrolysis 0 

Brown 
hydrogen 

Electricity from non-
renewable energy 

Lignite coal/Biomass Gasification 18–20 

Black 
hydrogen 

Electricity from non-
renewable energy 

Bituminous coal Gasification 18–20 

 

 
The methods described for producing hydrogen use either one or a combination of the 

following primary energy sources: electrical, thermal, photonic and biochemical. Electrical 
and thermal energy can be derived from renewable energy, biomass, nuclear power or fossil 
fuels. The electrical and thermal energy source has a major impact on the emissions of the 
corresponding methods. If the electricity is obtained from RESs, the CO2 emissions are 
lower or even non-existent. The individual production methods also differ significantly in 
terms of the production costs of hydrogen. 

Today, SMR is the most common and cost-effective method for hydrogen production 
[32]. As this technology is mature and production equipment is well developed, fluctuations 
in the cost of produced hydrogen today mostly depend on the price of natural gas [33]. 
However, SMR generates CO2 emissions, so in the future this process should be replaced 
by green methods. 

1.2.2 Systems for Electrical Energy Conversion 
Hydrogen systems belong to a broader class of systems that store electrical energy in 
synthesized gaseous or liquid fuel (e.g., pure hydrogen, synthetic methane, methanol, 
ammonia, etc.). These kinds of systems that convert electrical energy into another energy 
vector are referred to as “electrical energy-x” (P2X), where X is the end product of the 
energy conversion. The term “electrical energy-gas” describes a variety of systems where 
the end product is a gaseous fuel, usually hydrogen or synthetic methane. The term P2G 
thus refers to the process in which electrical energy is converted into chemical energy via 
gas production. Originally, power-to-gas (P2G or PtG) describes the conversion of 
renewable electricity into renewable synthetic methane gas [34], [35], [36]. The production 
combines two core processes: water electrolysis and CO2 methanation [37], as seen in Figure 
1.3.  
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Figure 1.3: Scheme of a typical P2G installation (first published in 2009 [38]). 

The common point of P2G or P2X systems is the green-hydrogen production method. 
Green hydrogen is usually produced from water by electrolysis, driven by green renewable 
electrical energy (hydro, wind, solar power source). The resulting hydrogen can be directly 
used or it can be, for example, converted into synthetic methane (CH4) by a methanation 
process using CO2. Methane is the main constituent of natural gas and thus the generated 
synthetic methane is a substitute of natural gas that can be fed and stored in the natural- 
gas grid without limitations. In [39], a worldwide overview of power-to-gas projects 
producing hydrogen or a renewable substitute is elaborated. The article [34] sets out the 
conceptual aspects that are necessary to include power-to-gas facilities in a more 
comprehensive analysis framework for the operation of an electrical system in various 
sectors. 

P2G systems represent a way to integrate green electrical energy into electrical power 
grid and replace the use of fossil fuels in different sectors (transport, heat production for 
buildings and industrial processes, etc.). More specifically, P2G systems can help balance 
the electricity grid. When there is an excess of green electrical energy, the surpluses can be 
converted to synthetic fuels, thus balancing the electrical energy production and 
consumption. This becomes increasingly important since the green transition requires the 
installation of numerous new, renewable energy sources. Renewable energy sources very 
much depend upon the weather and do not follow the demands for electrical energy. Thus, 
grid balancing becomes more and more important and P2G systems represent one possible 
solution. On the other hand, the resulting green, renewable synthetic fuels can help 
decarbonise the sectors that cannot be directly electrified and are traditionally powered by 
fossil fuels. In these sectors, fossil fuels can be replaced by synthetic green and renewable 
fuels, generated by P2G systems. Further discussion can be found in, e.g., [40]. 
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Electrolysis technology (described in Section 1.2.3) and electrolyser manufacturing 
capacities strongly affect the possibilities for green or low-emission hydrogen production 
and the further production of synthetic fuels, as discussed, e.g., in IEA report [41]. 
Electrolysis offers a sustainable, high-purity method of producing hydrogen [42]. 
Accelerated by green-transition plans, electrolysis capacity is growing from a low base and 
needs to accelerate to keep pace with the Net Zero Emissions by 2050 (NZE) scenario, 
which requires an installed electrolysis capacity of more than 550 GW by 2030 [43]. The 
realisation of all the planned projects could lead to an installed electrolyser capacity of 
170–365 GW by 2030 [41]. Similarly, another source estimates that more than 230 GW of 
electrolyser capacity will be commissioned globally by 2030 [44]. 

In general, P2G systems can generate income from various sources, as follows: 

• Income from produced hydrogen or related synthetic fuel (sold as fuel or feedstock), 

• Income from electricity-grid balancing services (ancillary services paid by electricity 
grid operators or participation and trading in short-term electrical energy markets). 

The operation of P2G plants can be economically acceptable and even profitable in 
certain cases. It can assure the clean production of feedstock for industrial processes [45], 
an affordable solution for storing larger amounts of electrical energy in an economically 
viable way [37], [46] and also provide a strong link between the gas grid and renewable 
electrical energy. 

1.2.3 Structure of the Hydrogen System 
This subsection is focused on the hydrogen system (a subsystem of P2G, presented in 
Figure 1.3), which consists of an electrolyser and hydrogen storage.  

The electrolyser generates the hydrogen from water using electrical energy. Today, four 
main electrolyser technologies are in use [42], [47], [48], [49], [50], [51], [52]:  

• Alkaline electrolysis (AEL),  

• Proton-exchange-membrane (PEM) electrolysis,  

• Solid-oxide electrolysis (SOEC),  

• Anionic-exchange-membrane (AEM) electrolysis.  

The advantages and disadvantages of the individual types of electrolysers are 
summarised in Table 1.2. Further details about electrolysis can be found in [50]. 
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Table 1.2: Summary of electrolysis technologies. 

TYPE AEL PEM SOEC AEM 

A
dv

an
ta

ge
s 

Mature technology 
High and long-term 
stability 
Catalysts without 
platinum group metals 
(PGMs) 
Low investment cost 
Megawatt range 
 

Commercial technology 
High current density 
Compact 
High purity of 
hydrogen 
Simple design 
Fast response (start-
up) time 
Dynamic operation 
High operating pressure 
Small plant layout 

High current density  
Low energy 
consumption 
High efficiency of 
conversion 
Low capital loss 
No catalyst 
Inexpensive materials 
 

Non-noble-metal 
catalysis 
Non-corrosive 
electrolyte 
Compact cell design 
Low cost 
Absence of leaking 
High operating pressure 

D
ra

w
ba

ck
s 

Gas permeation 
Low current densities 
Slow dynamics 
Low operating pressure 
Corrosive electrolyte 
Large plant layout 
Exhibit lower energy 
conversion efficiency 
(compared to PEM) 

High cost of 
components 
Acidic, corrosive 
components 
Possible low durability 
Requires noble-metal 
catalysts 
Stack limited to around 
MW range 
 

Currently in 
demonstration stage 
Small volume 
production 
Short durability (e.g., 
delamination of 
electrodes) 
Safety issues 
Instability of electrodes 
Problematic sealing 

Currently at laboratory 
stage 
Low current density 
Short durability 
Membrane degradation 
Excessive catalyst 
loading 

 

 
During the electrolysis of water, hydrogen and oxygen gases are produced according to 

the following electro-chemical reaction: 

 2𝐻𝐻2𝑂𝑂 (𝑙𝑙) + 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + ℎ𝑒𝑒𝑒𝑒𝑒𝑒 → 2𝐻𝐻2(𝑔𝑔) + 𝑂𝑂2(𝑔𝑔) (1.1) 

The half reaction of the anode and cathode can be expressed as: 

 
2𝐻𝐻2𝑂𝑂 → 𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 

4𝐻𝐻+ + 4𝑒𝑒− → 2𝐻𝐻2 (𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜) 
(1.2) 

In PEM water electrolysis, water is electro-chemically split into hydrogen and oxygen 
at their respective electrodes: hydrogen at the cathode and oxygen at the anode. PEM 
water electrolysis is accrued by pumping water to the anode where it is split into oxygen 
(O2), protons (H+) and electrons (e−). These protons travel via the proton-conducting 
membrane to the cathode side. The electrons exit from the anode through the external 
power circuit, which provides the driving force (cell voltage) for the reaction. At the 
cathode side, the protons and electrons re-combine to produce the hydrogen, following the 
mechanism as depicted in Figure 1.4 [53]. 



1.2. Hydrogen System 9 

 

Figure 1.4: Basic illustration of PEM water electrolyser. 

Generated hydrogen usually needs to be stored for a short or long period. There are 
several hydrogen-storage technologies: hydrogen compression, liquefaction, adsorption 
(metal hydrides, LOHC) or chemical storage (conversion into ammonia, methanol). In this 
dissertation, we focus on storage in compressed gaseous form, which is the simplest solution 
and requires a hydrogen compressor and a pressurised hydrogen-storage tank. Further 
details on hydrogen storage can be found in [54], [55], [56], [57], where the main features of 
each storage method for use in heating, mobility, industry and power are discussed in 
detail.  

A typical hydrogen system is shown in Figure 1.5. 

 

Figure 1.5: Basic components of hydrogen system. 

In the following subsections, the state-of-the-art of the hydrogen-system equipment is 
analysed. This is needed to develop the technical and economic models of the hydrogen 
system. 
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1.2.4 Designing a Hydrogen System 
Designing a hydrogen system means selecting the proper type and size of the system’s 
components. As follows from the previous sections, the main system components are an 
electrolyser, hydrogen storage and a hydrogen compressor. In general, the capital and 
operating costs (CapEx, OpEx) of components increase with their sizes and capacities. To 
optimise the economic sustainability of hydrogen systems, costs must to be minimised since 
they directly affect the production price of hydrogen (see Section 1.2.6) and the financial 
sustainability of the hydrogen system. 

1.2.4.1 Equipment Type Selection 

The electrolyser type (AEL, PEM, SOEC, AEM) is selected on the basis of two 
parameters: required purity of the produced hydrogen, and the fluctuation in the rate of 
hydrogen production. 

 
Hydrogen-purity requirement: If the produced hydrogen is to be converted back to 
electricity with a fuel cell, then “fuel-cell-grade hydrogen purity” is required. This level of 
purity can only be achieved by PEM electrolysers, while hydrogen produced by AEL 
electrolysers requires additional purification to remove residues of the electrolyte. SOEC 
and AEM electrolysers are still in the R&D phase, but the manufacturers expect a similar 
degree of hydrogen purity as with PEM electrolysers. In the case of the AEM electrolyser, 
an additional drying process is required to achieve a higher hydrogen purity. 

 
Fluctuation of the hydrogen-production rate: When the hydrogen is to be produced 
at a steady and constant production rate, AEL type electrolysers can be used. On the other 
hand, when the hydrogen-production rate changes rapidly over time (e.g., due to the 
fluctuating available electrical power of the RESs or due to participation in ancillary 
services for electricity grid stabilisation), the PEM technology should be used since it 
enables ramping up and down (load change) between minimum and maximum power in 
seconds. The PEM type also facilitates rapid stat-up. 

1.2.4.2 Equipment Sizing 

The most important sizing parameters are the production capacity of the electrolyser [kg 
H2/h], the hydrogen-storage capacity [kg] and the storage pressure [bar]. In general, the 
hydrogen production task can be solved by different combinations of component sizes, but 
the goal is to find the optimal combination in terms of costs (cost minimisation). Due to 
the many variables involved and the nonlinear relations between the variables, the problem 
cannot be solved analytically.  

In this dissertation the problem is approached by mathematical modelling of the process 
(hydropower plant model, hydrogen system model, economic model) and simulating the 
mathematical model with different combinations of component sizes that fulfil operating 
conditions and demands. The optimal solution is found through simulation by performing 
the following steps: 

• Create the mathematical model. 

• Define the cost function (e.g., price of the equipment, degradation, etc.). 

• Define the range and step change of a particular parameter. 

• Simulate the model with all combinations of parameters. 
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• Calculate the cost function for each parameter combination. 

• Select the parameter combination with the minimum value of the cost function. 

In the dissertation, the procedure is enhanced by an optimisation algorithm and 
represents a decision support in the designing of a hydrogen system. 

1.2.5 Capital and Operating Costs of Hydrogen System 
The investment costs of hydrogen technologies represent a central challenge for the 
realisation of energy systems based on renewable hydrogen. In general, the technological 
equipment of a hydrogen system is not yet mass produced and consequently the associated 
costs are high. In Chapter 1.3 we analyse the current prices of the individual components 
of a hydrogen system in the MW range, considering the effects of plant size and the 
expected technological developments. In this subsection, we identify the categories of costs 
of purchasing and operating the necessary equipment for hydrogen production for a case 
study of a HPP. For further calculations, technical specifications of one of the commercially 
available P2G systems [58] are used. 

On the basis of commercial providers of hydrogen systems and literature data [9], [11], 
[47], [59], [60], [61], [62], [63], [64], [65], [66], [67], [68] the main estimated costs for the 
implementation of a 1-MW PEM-based hydrogen system were already elaborated in [69] 
and are listed in Table 1.3. The assumed hydrogen storage has the following characteristics: 
the maximum storage pressure (pH2_MAX) is 50 bar, the maximum storage capacity for 
hydrogen (mH2_MAX) is 400 kg. A 25-kW compressor with a hydrogen compression flow (QH2) 
between 20–35 kg/h from the initial pressure (pIN) of 2 MPa to the target pressure, (pH2) 
of 5 MPa, is assumed for the compression of the hydrogen before storage. 

Table 1.3: Estimated costs of the components for proposed hydrogen system. 

Equipment or service Estimated cost 
Project documentation  100,000 € 
Electrolyser  1,600,000 € 
Hydrogen storage  200,000 € 
BoP1 components 120,000 € 
Electrical connection to HPP 100,000 € 
Construction and assembly works 80,000 € 
Total costs 2,200,000 € 

 

1 BoP: balance-of-plant components (various supporting and auxiliary components) 
 
Using the data from Table 1.3, capital expenditure costs (CapEx) and operating costs 

(OpEx) for the 1 MW hydrogen system installation and operation can be estimated.  
Investment costs (CapEx) are 2,200,000 €. Operation costs (OpEx) are manpower (e.g., 

operator to run the hydrogen system), consumables (parts that must be replaced on 
periodic basis, purified water – a feedstock for hydrogen production), maintenance services, 
and similar costs. The estimation of exact OpEx costs depends on the operating conditions 
of the equipment and many other factors and is thus difficult to determine [59], [61], [66]. 
In the literature, it varies from 1.5 to 5% [70]. Since the exact OpEx costs are not known, 
it is assumed that these annual costs equal 5% of the CapEx costs, which means 110,000 
€/year.  

Another important factor is the lifetime of the equipment, in particular the lifetime of 
the electrolyser. In general, lifetime depends on operating conditions, there are events and 
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conditions that additionally reduce the lifetime (frequent starts and stops, rapid power 
change). If these events are avoided or their frequency reduced, then the expected lifetime 
of the hydrogen system is estimated to be 15 years. 

1.2.6 Green-Hydrogen Production Costs 
The hydrogen production cost has a decisive influence on the economic viability of green 
hydrogen and the use of hydrogen technologies [71]. It can be expressed either per unit of 
mass [€/kg] or per unit of energy [€/kWh]. The own price of green hydrogen consists of 
three main cost components: 

Table 1.4: Hydrogen-production cost components. 

Cost component Description 
C1 This cost component resulting from the investment costs (CapEx) 

for hydrogen-production equipment (electrolyser, hydrogen storage 
and related equipment). The contribution of this component to the 
cost of hydrogen production depends strongly on the utilisation rate 
of the equipment and its lifetime. 

C2 This cost component results from the operating costs (OpEx), such 
as labour costs, equipment-maintenance costs and material costs 
consumed in hydrogen production. 

C3 This cost component results from the cost of the electrical energy 
used to produce hydrogen through electrolysis. The main 
component is the electricity consumption of the electrolyser 
(typically 50 kWh/kg H2), including other external components of 
the hydrogen-production process that also consume electricity 
(estimated up to 5 kWh/kg H2). 

 

 
Cost component C1 
The cost component (C1) can be expressed as the quotient of the total investment costs for 
green-hydrogen production equipment (CapEx) and the total mass of hydrogen produced 
during the lifetime of the system (mTOT): 

 𝐶𝐶1 �
€
𝑘𝑘𝑘𝑘
�  =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 [€]
𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇[𝑘𝑘𝑘𝑘]  (1.3) 

The mass of hydrogen produced during the lifetime of the system can be expressed as 
the product of the lifetime of the production system (tL [h]), the production capacity (QH2 
[kg/h]) and the utilisation rate of the hydrogen system (c [%]): 

 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇[𝑘𝑘𝑘𝑘] = 𝑄𝑄𝐻𝐻2[𝑘𝑘𝑘𝑘/ℎ] ∙ 𝑡𝑡𝐿𝐿[ℎ] ∙ 𝑐𝑐[%] (1.4) 

It can be seen that for a low value of the price component C1, a high utilisation rate of 
the electrolyser or the production system is required. 
 
Cost component C2 
Similar to the cost component C1, the cost component of operating costs during the lifetime 
of the system C2 can be expressed as the quotient of the overall OpEx operating costs 
(fOpEx-estimated at 5% of CapEx per year) and the total mass of hydrogen produced during 
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the lifetime of the system and multiplied with tL [y], which denotes the overall lifetime of 
the system: 

 𝐶𝐶2 �
€
𝑘𝑘𝑘𝑘
� =

𝑡𝑡𝐿𝐿[𝑦𝑦] ∙ 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 [€]
𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇[𝑘𝑘𝑘𝑘] =

𝑡𝑡𝐿𝐿[𝑦𝑦] ∙ 𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  [1/𝑦𝑦] ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 [€]
𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇[𝑘𝑘𝑘𝑘]  (1.5) 

 
Cost component C3 
Component C3 represents the electricity costs for the production of green hydrogen and is 
directly dependent on the selling price of excess electricity SPEL and the electricity 
consumption per mass unit of hydrogen produced EEL_SYS: 

 𝐶𝐶3 �
€
𝑘𝑘𝑘𝑘
� = 𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸 �

€
𝑘𝑘𝑘𝑘ℎ

� ∙ 𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆 �
𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘

� (1.6) 

Hydrogen-production cost PCH2 [€/kg] can thus be expressed as: 

 𝑃𝑃𝑃𝑃𝐻𝐻2 = 𝐶𝐶1 + 𝐶𝐶2 + 𝐶𝐶3 =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ (1 + 𝑡𝑡𝐿𝐿 ∙ 𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)

𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇
+ 𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆  (1.7) 

where we assumed that in case of choosing an electrolyser with different nominal power, 
the CapEx costs are in proportion with a production capacity of the system. 
 
Total cost of hydrogen production 
The total production cost of green hydrogen is the sum of all three cost components (C1 + 
C2 + C3) and is expressed in [€/kg H2]. 
 
The production cost of hydrogen can also be expressed in terms of a cost per unit of energy 
containing hydrogen. The relationship between the mass of hydrogen and the amount of 
its energy is defined by the calorific value of hydrogen. There are two different heating 
values: 

• Lower heating value of hydrogen EH2_LHV (33.32 kWh/kg). 

• Higher heating value of hydrogen EH2_HHV (39.39 kWh/kg). 

The lower calorific value takes into account the fact that the water produced during 
combustion does not condense and remains in vapour form. The higher calorific value, on 
the other hand, takes into account that the latent heat of water condensation is recovered 
and added to the total heat released during combustion. The price of hydrogen per unit of 
contained energy PCH2_kWh is relevant for applications where hydrogen is used as an energy 
source. 

 𝑃𝑃𝑃𝑃𝐻𝐻2_𝑘𝑘𝑘𝑘ℎ �
€

𝑘𝑘𝑘𝑘ℎ
� = 𝑃𝑃𝑃𝑃𝐻𝐻2  �

€
𝑘𝑘𝑘𝑘
� ∙ �𝐸𝐸𝐻𝐻2_𝐻𝐻𝐻𝐻𝐻𝐻 �

𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘

��
−1

 (1.8) 

For an example, assume a hydrogen-production system with a 1 MW PEM electrolyser, 
and the following data: 
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Table 1.5: Hydrogen production system symbols and parameters. 

Variable Symbol/parameter description Estimation 
CapEx Investment (project documentation, 1 MW PEM 

electrolyser, high-pressure hydrogen storage and 
compression, various supporting and auxiliary components, 
electrical connection, construction and assembly works) 

2,200,000 € 

fOpEx Operating costs factor, estimated as a part of CapEx costs 
per year (this means 5 % of 2,200,000 €, i.e., 110,000 
€/year) 

0.05 

c Electrolyser utilisation rate (estimated at 45 %, which 
means 3942 hours of the available 8760 hours per year) 

45% 

tL Overall lifetime of the hydrogen system in hours 131,400 h 
EEL_SYS Electrolyser system electrical energy consumption at full 

capacity 
50 kWh/ kg 

QH2 Production capacity of the system at full power 
(which can be achieved by a 1 MW electrolyser with 
electricity consumption of 50 kWh / kg H2) 

20 kg H2/h 

PEL_SYS Nominal power of the electrolyser system 1 MW 
mTOT The amount of hydrogen produced per year considering 

utilization rate (365 [d] · 24 [h/d] · 45 [%] · 20 [kg/h]) 
78.84 t/year 

SPEL Selling price of excess electrical energy 50 €/MWh 
 

 
Table 1.6 shows the individual components of the production cost of hydrogen for an 

assumed 1 MW system as a function of the electricity cost. 

Table 1.6: Hydrogen production cost in relation to the consumed electrical energy. 

N° Electricity 
costs 
[€/MWh] 

C1 
[€/kg] 

C2 
[€/kg] 

C3 
[€/kg] 

Total 
hydrogen-
production cost 
[€/kg] 

Total hydrogen 
production cost 
[€/MWh] 

1 0 

1.86 1.40 

0.00 3.26 82.76 
2 30 1.50 4.76 120.84 
3 60 3.00 6.26 158.92 
4 120 6.00 9.26 235.09 
5 180 9.00 12.26 311.25 

 

Value-added tax (VAT) and possible other charges are not considered. 
 
Cost components C1 and C2 decrease if the amount of hydrogen produced is close to 

the maximum theoretically possible with the electrolyser operating continuously at 
maximum output. The production of hydrogen from surplus electricity with a low or even 
zero cost therefore does not lead to a low production cost of hydrogen, as the electricity 
surplus only occurs occasionally, resulting in a low utilisation of the electrolyser and 
consequently a high-cost component C1 and C2. 
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In the case-study presented in the dissertation (Section 4.1), the HPP is contractually 
obliged to supply electricity on a regular annual basis at the fixed cost and according to 
the prescribed timetable and is not involved in short-term electricity markets or ancillary 
services. Even in this case, the HPP can make additional profit with the additional 
production of hydrogen, which is limited by the amount of excess hydropower or/and the 
final capacity of the PV installation. 

Assuming that the HPP would have more options to deviate from the prescribed 
timetable, it is interesting to analyse in which cases hydrogen production is more profitable 
than electricity production. For example, assume an electrolyser with a nominal power of 
1 MW and electricity consumption of 50 kWh/kg H2, an average utilisation rate of 0.45, a 
hydrogen selling price of 8 €/kg H2, and a selling price of 50 €/MWh for the supplied 
electrical energy production (see Table 1.7).  

Table 1.7: Variables and their assumed values. 

Variable Variable description Assumed value 
PEL_SYS Nominal power of the electrolyser system 1 MW 
c Factor of hydrogen system exploitation (or utilisation 

rate of 1 MW hydrogen system) 
0.45 

EEL_SYS Electrolyser system electrical energy consumption at full 
capacity 

50 kWh/kg 

PCH2 Production cost of hydrogen (the cost of excess electrical 
energy is 0 €) 

3.26 €/kg 

SPH2 Selling price of hydrogen 8 €/kg 
SPEL Selling price of excess electrical energy 50 €/MWh 

 

 
An important quantity is the difference between the cash flow generated by hydrogen 

production and the cash flow generated by selling excess electrical energy. The maximal 
revenue from invested 1 MWh of electrical energy into hydrogen production is expressed 
as: 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
€

𝑀𝑀𝑀𝑀ℎ
� =  

𝑆𝑆𝑆𝑆𝐻𝐻2
𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆

 (1.9) 

and the cash flow as: 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 [€/ℎ] =  𝑐𝑐 ∙ 𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆 ∙ �
(𝑆𝑆𝑆𝑆𝐻𝐻2 − 𝑃𝑃𝑃𝑃𝐻𝐻2)

𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆
− 𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸� (1.10) 

For the case above, the profit from hydrogen generation versus electricity production 
turns positive with an extra profit of 20.16 €/h (see Figure 1.6). With a market selling 
price of hydrogen under 5.76 €/kg H2, it makes more sense to produce additional electricity 
if we manage to sell it on the energy market at a price of 50 €/MWh of electrical energy. 

 



16  Chapter 1. Introduction  

 

Figure 1.6: Profit of hydrogen production as a function of selling price. 

1.3 State of the Art  
In this section, an overview of research activities and demonstration projects on the field 
of renewable hybrid system and its subset, namely hydrogen system, is given. The first 
subsection gives the overview of state-of-the-art on hydrogen system control and sizing 
optimisation, while the next subsection deals with the issues connected with green-
hydrogen production and related production costs. The section follows with a description 
of the necessary equipment, a techno-economic assessment of green hydrogen production 
and presents some already-completed demonstration projects in the area of green hydrogen 
production.  

1.3.1 Hydrogen System Control and Sizing Optimisation 
During the last decade many studies and literature have been published in the areas of 
hybrid system or hydrogen system control and proper sizing optimisation. Some of them 
also include techno-economic issues for the design of an optimised hybrid system.  

Appropriate control of a hybrid system is one of the factors for its successful 
implementation. Three control strategies were proposed in [72] based on operating modes 
and combining technical-economic aspects for the energy management of the hybrid 
system. They have been designed, primarily, to satisfy the load power demand and, 
secondarily, to maintain certain conditions in the hydrogen tank (hydrogen energy reserve), 
and an adequate state of charge of the battery bank to extend its life, also taking into 
account a techno-economic analysis. Another control strategy is proposed in [73] and is 
based on a power-decoupling strategy of the power sources. This energy-management 
strategy fulfils the fast energy demands if the load respects the integrity of each source. 
The modelling and simulations are performed using MATLAB/Simulink and 
SimPowerSystems packages and the results are presented to verify the effectiveness of the 
proposed system. Another approach of hybrid hydrogen energy system control is given in 



1.3. State of the Art 17 

[74]. The work deals with the control of an autonomous hydrogen-production system 
consisting of a solar panel array supplying an alkaline electrolyser. The controller is 
proposed that meets the maximum power capture objective for the solar array and the 
power constraints of the electrolyser. The developed controller is designed using concepts 
of hybrid control theory, which is very powerful to cope with the nonlinear and hybrid 
dynamics inherent in the system’s behaviour. 

More authors deal with grid-tied hybrid systems, such as the paper [75] that deals with 
the optimal control of a hydrogen-production system supplied by photovoltaic solar energy 
and assisted by the grid. For that, the authors proposed a simple dynamic model accounting 
for the main features of the system, where the electrolyser current is used as the control 
variable. In this way, the control law is obtained that optimises the grid’s energy 
consumption despite the solar energy’s variability. An important constraint with the 
obtained solution are the physical limitations of the hydrogen-storage tank, which results 
in a non-smooth and non-continuous problem. Simulation results are presented to illustrate 
the effectiveness of the proposed control design. 

In [76] the author states that one of the key system control parameters is the operational 
mode of the electrolyser. The author suggested that the electrolyser should operate in a 
variable power mode, rather than in a fixed power mode and that the set point for switching 
on the electrolyser should be as high as possible (depending on constraints). The article 
also claims that finding an optimal solution requires performing a combined techno-
economic optimisation that takes into account both system design (sizing of components) 
and the control strategy. 

Similarly, the authors in [77] conclude that the interaction between the hydrogen 
producer and the energy market is crucial for keeping the modern energy transition on 
track. The article considers a system of a renewable energy producer that jointly interacts 
with the electricity market and a hydrogen market under different hydrogen-offtake 
agreements and distribution options. The authors claim that by solving the system to 
optimality this would allow them to derive the profit-maximising behaviour of the operators 
of the considered system.  

A recent overall review of control strategies for a hydrogen renewable-energy power 
system is given in [78]. The review presents a comprehensive examination of the current 
challenges related to the control aspects of integrating hydrogen energy-storage 
technologies into modern power grids.  

During recent years, the interest in the dimensioning/sizing of hydrogen systems using 
models and optimisation has also increased. Optimal sizing is defined by the determination 
of the parameters of the system components by which the load demand is met, and the 
total cost is minimised. The optimised design of a hydrogen system’s equipment is also 
important for its reliability and cost efficiency. Over sizing can lead to high initial costs 
and low utilisation rate, while under sizing it can lead to operating limitations and energy 
shortfalls, despite lower initial costs. These facts meant that the sizing of hybrid systems 
including hydrogen energy storage have received much attention recently. 

Four sizing methods for a stand-alone hybrid generation system integrating renewable 
energies (photovoltaic panels and wind turbine) and storage system based on battery and 
hydrogen (fuel cell, electrolyser and hydrogen-storage tank) are described [79]. In the first 
case, the sizing is based on basic equations, and in the second case, an optimal technical 
sizing is achieved using Simulink Design Optimisation. The other two methods perform an 
optimal techno-economical sizing by using the hybrid-system optimisation software 
HOMER and HOGA, respectively. A MATLAB/Simulink model of the hybrid system was 
used to simulate the annual performance of a hybrid system designed by each method. 

The authors in [80], [81] suggest that a common methodological approach is to use 
commercial software designed for hybrid system optimisation, such as HOMER Pro or 



18  Chapter 1. Introduction  

HOGA. However, the reliance on commercial simulation software can reduce the degrees 
of freedom in model customisation and, therefore, some authors use more general modelling 
methods for their system.  

The authors in [82] presented a list of implemented optimisation methods for equipment 
sizing. They concluded that for these purposes the HOMER software has some limitations 
(like black-box coding, different working platforms, and inflexibility regarding optimisation 
techniques) and suggested that modern artificial-intelligence techniques have the potential 
to improve the process of optimisation. Some researchers have already used a particle- 
swarm-optimisation (PSO) method as an intelligence algorithm [83] to find the optimum 
values of design parameters. The authors found that the PSO algorithm is very suitable 
for solving this type of problem as it can solve it with high speed and accuracy.  

In [84], the authors evaluate the performance of seven different algorithms for optimum 
sizing of a hybrid system to continuously satisfy the load demand with the minimal total 
annual costs. Among these algorithms, three well-known heuristic algorithms, namely, 
particle swarm optimisation, tabu search and simulated annealing, and four recently 
improved metaheuristic algorithms, namely, improved particle-swarm optimisation, 
improved harmony search, improved harmony-search-based simulated annealing, and 
artificial bee-swarm optimisation, are applied to the system and the results are compared 
in context of the total operating costs. The article finds that from the optimisation 
viewpoint, the artificial bee-swarm optimisation method yields more promising results than 
the other algorithms and it is also the most robust. 

An optimal sizing of components is an important subject for researchers to explore the 
optimal design of the system. But the authors in [85] suggest that besides techno-economic 
objectives some other objectives should also be taken into account during the optimisation 
process, like reducing the air pollution, increasing the reliability, boosting the customer 
satisfaction, decreasing the excess energy in the system etc. The article presents a survey 
on the state of the art in the multi-objective optimal design of hybrid stand-alone or grid-
connected energy systems, where the applied objective functions, design constraints and 
decision variables in the optimisation of hybrid energy systems are addressed. It is found 
that the recent objective functions (like customer satisfaction and grid dependency) need 
further investigation in the multi-objective design process. 

1.3.2 Green-hydrogen Production 
Due to green transition goals, the research on GHP has become more intensive, especially 
during the last decade. One of the promising options for green-hydrogen production, which 
is also investigated in the context of the present dissertation, is the cogeneration of 
electrical energy and green hydrogen at a hydropower plant. Cogeneration is defined as the 
generation of two different forms of useful energy from a single primary energy source [86]. 
In our context thus cogeneration means the production of both electrical energy and green 
hydrogen in a HPP from the available hydro energy. 

Although the possibilities and methods for hydrogen production in a HPP were 
presented a long time ago [87], this topic has not attracted much attention in the academic 
sphere. During the last decade, most of the conditions for increasing hydrogen production 
in an ecologically acceptable and efficient way have been established (i.e., a consensus for 
environment decarbonisation, maturity of the technological equipment for hydrogen 
production-P2G systems, increased hydrogen consumption in industry, the emergence of 
the electrical energy market with a significant share of RESs, increased dynamics of the 
electrical energy sector, requirements for greater profitability of power facilities), so these 
topics received more attention from research and engineering. 
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In [35], the authors present a study on the option to decarbonise hydrogen production 
using hydropower at the European level. The results show that such a transformation is 
possible and compatible with the ongoing transition towards carbon-neutral power systems 
in the European Union. Also, other countries, especially those rich in hydropower, are also 
intensively involved in its use for hydrogen production [88], [89], [90], [91], [92], [93]. Some 
articles define the role of P2G systems in future electro-energetic systems with a high share 
of RESs. The authors in [10], [11], [94], [95] found that P2G technology is a feasible option 
for storing energy for the long term, but the cost reduction of electrolysis is essential to 
make P2G attractive. The article [39] gives a worldwide overview of several P2G projects 
producing hydrogen or renewable substitute natural gas in Germany, Denmark, the United 
States and Canada. The results show substantial cost reductions for electrolysis during the 
recent years and a further price decline to less than 500 €/kW electrical power input for 
P2G technology until 2050 if the cost projection follows the current trend. 

It should be noted that today green hydrogen technologies (P2G systems, fuel cells) are 
hardly economically viable. The reason is the technological equipment for green-hydrogen 
production, storage and distribution is expensive, since it is not mass produced. This leads 
to high capital expenditures for systems based on green-hydrogen technologies, which 
results in a high price for the generated green hydrogen. This reduces hydrogen’s economic 
competitiveness in comparison to other fuels, particularly natural gas, and prevents green-
hydrogen technologies from being widely adopted. To accelerate the adoption of green-
hydrogen technologies under current conditions, particular applications must be identified 
where green hydrogen could be competitive due to its low environmental impact, leading 
to lower environmental taxes. Many studies have addressed this issue and claim that the 
transition to RESs will inevitably need subsidies in the short and medium terms [13], [14], 
[15], [16], [17], [18]. These supporting policies must be accompanied by reduced costs to 
make the technologies a realistic alternative for the future. A similar opinion is expressed 
in [96], where the authors report that green hydrogen for road transport (in China) could 
be competitive against grey hydrogen in terms of cost, but new market mechanisms and 
appropriate policies would be necessary. The authors of [19] note that in a hybrid system 
where P2G provides a real option between the electricity and hydrogen markets, hydrogen 
values greater than 4 €/kg are required to provide an equal or greater net present value 
than an offshore wind farm producing only electricity. An engineering economic analysis 
[20] suggests that the green-hydrogen economy will be a viable option for industrial 
decarbonisation. It will be more profitable in cases where carbon taxes are levied and when 
the unit hydrogen production cost starts to decline from 9 €/kg. In [21] the author 
concludes that green hydrogen is seen by investors, developers, and politicians as a strong 
enabler to meet net-zero targets and that a market for green hydrogen is opening up, but 
cost competitiveness remains a barrier to scaling up. 

1.3.3 Equipment for Hydrogen Production 
The following is an overview of the equipment for green-hydrogen production by water 
electrolysis. 

1.3.3.1 Electrolyser 

Today, four main electrolyser technologies are developed and used: AEL, PEM, AEM, 
SOEC (see Table 1.2). Within each technology there are many variations, with the most 
radical differences being cell design, component variation and technology maturity. Each 
technology has its own challenges, from critical materials to performance, durability and 
maturity. SOEC and AEM have high potential, but are much less mature technologies, 
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with only a few companies and original equipment manufacturers involved in their 
manufacture and commercialisation. 
 
AEL technology 

AEL electrolysers are the oldest and most best-known technology and they have been 
available for industrial purposes for decades. They are characterised by the use of aqueous 
alkaline solutions, which are extremely corrosive. 

The different sizes of alkaline electrolysers cover a wide range of power (from tens of 
kW to a few MW) and they are characterised by different plant layouts [97], [98], see Table 
1.2. 

However, some drawbacks still have to be overcome [99], concerning: 

• The minimum load. The minimum load usually falls within 10–40% of nominal power 
[100]. This means that if the input is lower than these limits, the electrolyser has to be 
switched off. 

• Transient operation is possible with this technology, but some problems can arise [34]. 
In fact, the typical response time is seconds or minutes, but according to [100], these 
performance characteristics result from the fact that industry never demanded a flexible 
operation of alkaline electrolysers, so the technology has never been designed to operate 
as such. Currently, with the integration of intermittent sources, the demand for flexible 
operation arises. 

• The relatively long electrolyser cold-start time (around 10 min), which mainly depends 
on the required hydrogen purity [100]. 

• The long electrolyser restarting time after shutdown. This is an important drawback, 
because the electrolyser takes 30–60 minutes before it can be switched on again (due to 
purging operations with nitrogen). 

Currently, such a system costs about 1400 €/kW [67], whereas the entire system has a 
lifetime of 15–30 years [98], [99]. It should also be noted that the purity of the hydrogen 
production lies within the 99.8–99.9% range and on occasion can even reach 99.999% with 
an additional purification system [98]. 

 
PEM technology 

The PEM technology for water electrolysers was developed in 1966 and was put on the 
market in 1978 [98]. It is based on the use of a polymer membrane as an electrolyte [48], 
and because of the acidic regime provided by the proton-exchange membrane, noble 
materials (basically platinum-group metals) have been successfully adopted as catalysts. 
This aspect is a drawback as far as the cost is concerned, because it has been estimated to 
be at least double (> 2000 €/kW) that of the alkaline technology [10], [34].  

However, the better exploitation that can be achieved with noble materials (usually 
platinum-group metals) could lead to a cost reduction [48] and the development of a 
technology based on rare materials can lead to material-availability constraints, and 
alternative materials, such as nickel, could be valid substitutes [101]. The operating 
temperature lies within the 20–100 °C range [48]. 

PEM electrolysers allow a high-pure hydrogen (> 99.99%) to be produced, without the 
need for any further purification equipment [98]; this can be confirmed from the data 
available on the manufacturers’ websites, where a higher purity level than 99.998% is 
indicated. With appropriate drying PEM water electrolysers can produce pressurised 

https://www.sciencedirect.com/topics/engineering/plant-layout
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hydrogen with a purity of at least 99.9995% on a constant basis, due to the stoichiometry 
of the generation process [102]. 

Furthermore, PEM electrolysers can be completely ramped up and down in just a few 
seconds and they can work in the 0–100% range; moreover, a cold start can be completed 
in just minutes. 

As a final remark, it is important to point out that the lifetime of a system based on 
the PEM technology is shorter than that of a system based on alkaline technology (AEL) 
[47].  

 
There are several studies focused on the characteristic of electrolysers [9], [34], [47], [48], 
[103], [104], [105], [106]. In a report [107], a detailed assessment of electrolysers is described, 
together with opportunities and potential challenges for each type of electrolyser. 

Electrolyser models are an essential tool in electrolyser development because they allow 
us understand the influence of different parameters on the electrolyser’s performance 
enabling an efficient simulation, design and optimisation of the electrolyser [108]. The 
literature provides models with varying degrees of complexity. Analytical models are a 
satisfactory tool to identify the effects of the main variables on the performance of the 
electrolyser, based on simplified considerations to simulate a fairly accurate polarisation 
curve. Empirical/semi-empirical models allow the prediction of the electrolyser’s behaviour 
as a function of the operating conditions (e.g., pressure, temperature) based on simple 
empirical equations. The main disadvantage is that the application of this type of model 
is generally limited to the range of operating conditions studied and to the specific 
electrolyser design. Mechanistic models use differential and algebraic equations, which are 
derived taking into account the electrochemical phenomena occurring in the electrolyser 
and are solved numerically using various methods. These models, which require extensive 
calculations, accurately predict the polarisation curve and the flux and concentration of 
several species in the electrolyser, but this leads to simulation times that are considered 
too long for real-time applications.  

In [108], the authors presented a review of PEM electrolyser modelling especially useful 
for beginners in this area. The main equations to predict cell voltage, including reversible 
voltage, activation losses, ohmic losses and mass transport losses are presented. Special 
sections are devoted to dynamic behaviour, two-phase flow effects and the inclusion of 
thermal effects in model development. 

A bibliographic analysis in [109] was carried out to identify existing models. The authors 
claim that only a few models considers the dynamics of the whole system including balance 
of the plant. Therefore, they developed a model under Bond Graph formalism that is 
suitable for control and model-based diagnostic. 

A recent review of the literature on this topic is given in [110]. Analytical, semi-
empirical and mechanistic models are presented and further clustered depending on their 
scope which is mainly classified as (i) membrane and electrode modelling and material 
properties, (ii) cell model, (iii) stack model, (iv) module and system model. 

In [111] the authors show a novel model that combines the Tafel equation and an 
original model for Faradaic efficiency tested on real data. The authors claim that the model 
estimated hydrogen consumption more accurately than the “Linear Model” habitually used 
in the industry. It also emphasized the importance of an optimised control scheme for 
minimising hot standby losses. The authors also observed that pressurisation during start-
up, purging and pressure-driven fluctuations also contributed significant losses and scatter 
when inspecting minute-by-minute data. 

A review of the modelling and operation of the hydrogen system for renewables 
integration with suggestions on relevant future research is given in [40]. Based on the 
summarised features, this paper put forward suggestions on the future research directions 
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of hydrogen system modelling and operations as follows: hydrogen-system control for 
regular grid regulation; hydrogen-system control for special operating situations; 
comprehensive integrated model of hydrogen systems; locating and sizing of hydrogen 
systems; combined operation of multi-energy network with hydrogen systems.  

It should be noted that electrolyser models are often either too detailed to be 
computationally efficient in the context of a whole system model or too inaccurate in times 
of low renewable energy production [112]. The most detailed models are used to study what 
happens in the sub-components of the electrolyser (e.g., membrane and electrode, material 
properties, cell, stack, etc.). On the stack/system level, the transients of the stack and BoP 
components are essential. Moreover, there are models for macroscopic simulations, where 
a lumped model of components is used, often described by static relations only. For the 
purpose of the present study, such models (i.e., the production rate of the PEM electrolyser 
as a function of the power load) is used for electrolyser. The characteristics of the 
electrolyser were obtained from renowned electrolyser manufacturers such as NEL, H-TEC 
Systems and ITM Power [58], [113], [114]. 

After reviewing the literature on electrolyser modelling, we found that although there 
are many microscopic models in the literature, they describe the electrolyser stack in detail 
depending on the geometric coordinates, which is computationally demanding and does not 
contribute to the decision-support system we envisioned. Therefore, we developed a 
simplified and reduced-order macroscopic model that describes the mass and energy flows, 
and the energy efficiency based on the polarisation curve and consumption of the balance 
of plant components. 

1.3.3.2 Hydrogen Storage  

Hydrogen storage is one of the key-enabling factors for the establishment of a hydrogen 
economy.  

The low volumetric energy density of hydrogen can be increased by using one of the 
available technologies such as hydrogen compression, liquefaction, adsorption (metal 
hydrides, liquid organic hydrogen carriers-LOHC) or chemical storage (ammonia, 
methanol). A comprehensive assessment of hydrogen-storage options is presented in [55], 
[56], [115]. 

Among the hydrogen-storage technologies, compressed gas (above and underground) 
and liquid are the widely used methods to store hydrogen [116]. 

For compressed hydrogen storage, pressurisation is required before the hydrogen enters 
a buffer or storage tank. Since most PEM electrolysers operate at about 30 bars, the 
produced hydrogen can be directly sent into hydrogen-storage tank [117]. 

The classification of compressed hydrogen gas vehicle fuel containers is well studied in 
[118]. The ANSI/CSA standards for hydrogen fuel cover both vehicle fuel systems and the 
hydrogen fuel station.  

Hydrogen storage for large and long-term effects is a major bottleneck faced in recent 
times, and it remains untested [119]. Large-scale storage facility types for compressed 
hydrogen are presented in [120]. The authors classified them as a storage vessel with its 
different types, geological storage, and other underground storage alternatives.   

Compressed hydrogen is considered the dominant storage technology for stationary and 
mobile applications, as the available solutions have very good scalability and the highest 
technology readiness level (TRL) for all solutions [121]. Therefore, for our study we 
considered a pressurised hydrogen tank, which is a common type of hydrogen storage in 
industrial practice. In general, tanks come in various shapes and sizes, ranging from smaller 
tanks for on-site storage to massive tanks used on an industrial scale. Their design, 
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manufacture, use and maintenance are regulated by various standards with well-defined 
safety guidelines [120].  

According to [29] the initial cost of hydrogen storage with a capacity of 0.1–10 MWh 
(or 2.5–254 kg H2) is 220–365 €/kg. In [59] the authors estimate the cost of storing hydrogen 
at 50 bar to be 632 €/kg.  

Finally, [122] states that the levelized cost of hydrogen storage (LCHS) of above-ground 
storage of compressed hydrogen gas for a daily and 4-month storage cycle length is ∼0.31 
€ and ∼23.50 € per kg H2, respectively. 

1.3.3.3 Hydrogen Compression 

Compression has proven to be the most straightforward and a very effective technique to 
increase hydrogen density and storage capacity. For this reason, storing hydrogen as a 
compressed gas in metal cylinders at various pressures is currently the most commonly 
used method [123]. 

When hydrogen-gas compression is required, mechanical compressors are the industrial 
standard [124]. Compressors with an output pressure of 20–200 bar are required for various 
operations in this industry [125]. Only reciprocating and centrifugal compressors can handle 
the capacity (high volume flows) required. The disadvantages of such compressors include 
vibrations and noise due to the moving parts. 

An alternative solution is the use of electrochemical hydrogen compressors (ECHCs). 
Recent advances and perspectives in the diagnostics and degradation of electrochemical 
hydrogen compressors are described in [126]. This paper provides a literature review of the 
progress and current state of the art in electrochemical hydrogen compressors, emphasizing 
their performance diagnostics, durability testing methods, and possible degradation 
mechanisms that could affect the desired performance. The paper also critically identifies 
current technological shortcomings and challenges, especially with regard to current EHC 
health-testing procedures, but also suggests potential development ideas for perspective 
improvements. Another advantage of an electrochemical hydrogen compressor is that they 
can provide an alternative solution, as these devices can electrochemically purify and 
compress hydrogen in a single device [127]. However, to be competitive, electrochemical 
hydrogen compressors must operate in very intensive conditions (high current density and 
low cell voltage) that can only be reached if their core materials, e.g., the membrane and 
the electrodes/electrocatalysts, are optimised [128]. The basic model of a hydrogen 
compressor is presented in [129].  

1.3.4 Techno-Economic Assessment of Hydrogen Production 
By definition, a techno-economic assessment (TEA) is a methodological framework for 
examining the technical and economic performance of a process, product, or service and 
includes a study of the economic impact of the technology [130], it is a cost-benefit 
comparison that considers technological and economic factors.  

Ideally, a techno-economic model represents the best current understanding of the 
system being modelled. Such a model can then help allocate planned budget and investment 
resources, set achievable research and development targets, understand the process and its 
value chain, or convince investors of the sustainability of the process (both economic and 
environmental). 

For the purposes of this analysis, the cost components, including capital expenditure 
(CapEx), operating expenditure (OpEx) and other influencing parameters/variables of the 
electrolyser, compression station and hydrogen storage (designed as a buffer tank for the 
short-term storage of hydrogen production) are evaluated below. 
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CapEx and OpEx are the most important costs in a techno-economic assessment [130]. 
The main problem is to minimise the CapEx and OpEx of different hydrogen-production 
systems while increasing the production volume. This can reduce the cost of producing 
hydrogen from different energy sources. The expenses associated with the construction of 
a new plant are called CapEx. OpEx stands for the various expenses that occur through 
their day-to-day system operation, such as the cost of raw materials, operating labour, 
maintenance and utilities. Annual expenses are considered based on items related to 
operating costs and general and administrative expenses. As the size and capacity of the 
plant increases, so do the investment costs (CapEx). However, since the price of the 
equipment usually increases more slowly than the production capacity, the production costs 
per unit of hydrogen are therefore lower. Additional equipment (compressor, storage, etc.) 
also leads to an increase in CapEx.  

According to [131], the key cost drivers of electrolysers are stack, power electronics, gas 
conditioning (drying) and balance of plant components. All these costs will be further 
considered as electrolyser CapEx.  

To make green hydrogen the fuel source of the future, it needs to be competitive with 
fossil-fuel prices. A recent review of the literature on this topic [132] provides clear insights 
into a techno-economic analysis of various hydrogen-production platforms. Steam 
reforming of natural gas for hydrogen production has drawn the attention of many 
researchers and policymakers due to the high efficiency in hydrogen production (70–85%) 
with low operating, feedstock (0.28 €/kg of hydrogen) and production (1.2–3.2 €/kg of 
hydrogen) costs. However, this technology comes with the cost incurred in the process and 
the catalyst cost. But the study IRENA predicts a decline in green-hydrogen costs by up 
to 85% by 2050 [48], making it the dominant hydrogen source [133]. 

When it comes to opportunities for the cost reduction [131] of hydrogen generation by 
water electrolysis, the following parameters have to be improved: electrical energy 
consumption per unit of production (i.e., kg of hydrogen), electrolyser lifetime, electrolyser 
size, load range, start-up time, use of scarce materials and scale of industrial production. 
Very importantly, the price of the equipment (electrolysers, compressors, storage) has to 
be reduced, since it is directly incorporated into the hydrogen’s price. 

There is a considerable amount of literature on hydrogen techno-economic from which 
we can extract a price breakdown for a proposed hydrogen system, as shown in Table 1.4. 
Comprehensive reviews on the hydrogen system’s main components CapEx, OpEx and 
BoP costs can be found in [59], [61], [62], [47], [134], [135], [136], [137], [138]. A detailed 
compilation of past and expected AEL and PEM electrolysis plant cost in €/kW is given 
in [139]. Future technology cost assessment and outlook towards 2030 for AEL and PEM 
electrolysers in the MW-to-GW range is presented in [140]. 

The US Department of Energy (DOE) and the European Fuel Cell Hydrogen-Joint 
Undertaking (FCH-JU) indicated that the investment cost of a PEM must be decreased 
from current 1000–1500 €/kW to 250–600 €/kW [141], [142]. 

In [138] authors suggest that a CapEx of 750 €/kW is realistic for a single stack 2 MW 
system. The electrolytic hydrogen production is shown to be around 3 €/kg, which is within 
the range estimated for renewable hydrogen (i.e., 2.5–5.5 €/kg) [143]. While the IEA 
forecasts that current green-hydrogen production costs of 2.83–7.4 €/kg will fall to 1.2–4.2 
€/kg in 2030 and 0.9–2.8 €/kg by 2050 [29], [144].  

The cost of P2G systems shows a decreasing trend that will most probably continue 
[145], especially if the P2G plant components are manufactured in standardised sizes and 
series.  

Another important factor in achieving an efficient hydrogen-production price is the 
location of the plant. In [146], the authors present the levelized cost of hydrogen (LCOH) 
calculations for promising locations worldwide. A literature review [147] shows that the 
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cost of hydrogen in Europe can be reduced by around 10 €/MWh (or 0.3939 €/kg) if the 
hydrogen consumption is positioned strategically in regions with good conditions for wind 
and solar power. The authors also claim that the potential cost savings that can be obtained 
from full temporal flexibility of hydrogen consumption are three times higher than that 
linked to strategic localisation of the hydrogen consumption. The cost of hydrogen per kg 
increases, and the value of flexibility diminishes, as the size of the hydrogen demand 
increases relative to the traditional demand for electricity and the available variable 
renewable-energy resources. Low-cost hydrogen is, thus, achieved by implementing 
efficiency and flexibility measures for hydrogen consumers, as well as an increasing 
acceptance of variable renewable energy. 

In [148], the authors present the techno-economic feasibility of the wind-photovoltaic-
electrolysis-battery (WPEB) power system and its capability for curtailment reduction. A 
flexible hydrogen-demand curve is well suited to boost the hydrogen production of the 
WPEB system, which adapts to the seasonal and daily variation of renewable power 
generation. A flexible hydrogen demand profile enables higher hydrogen production.  

For our needs, a techno-economic assessment of equipment costs was made according 
the methodology described in Section 3.4 and included into the economic part of the entire 
model.  

1.3.5 Demonstration Projects 
Hydropower has played an important role in the production of green hydrogen for more 
than 100 years [149], [150]. The 167-MW historic hydropower-based hydrogen production 
by electrolysis in Rjukan, Norway, which operated from 1919–1988, is now possibly the 
oldest plant of its kind in the world. Another 135-MW historic hydroelectric and 
electrolysis-based hydrogen production plant operated in Glomfjord, Norway, 1953–1991. 
Industrial research and development to improve the economic performance of the method 
have continued to today. 

More recent coverage on current hydrogen production and the prospects for developing 
the production of green hydrogen using RESs in various countries around the world that 
are leaders in this field can be found in [151]. The potential of hydrogen energy in countries 
and regions such as Australia, the European Union, India, Canada, China, the Russian 
Federation, the United States of America, South Korea, the Republic of South Africa, 
Japan and the northern countries of Africa is considered. Of the 109 regions in Europe 
associated with hydrogen production, 88 regions have a surplus of potential electrical 
energy generation from RESs after meeting the annual demand for electrical energy in all 
sectors and hydrogen production. 

In Europe, there are already some ongoing projects that use hydropower for the 
production of green hydrogen, mainly in Switzerland. One of the demonstration plants is 
located at the Gösgen hydropower plant [152]. With a capacity of 2 MW, it is the largest 
plant in Switzerland for the production of green hydrogen for commercial use in zero-
emission heavy-duty transport. The plant can produce up to 300 tonnes of green hydrogen 
per year and thus ensure an annual consumption of around 40–50 fuel-cell electric trucks 
or 1700 fuel-cell passenger cars. Another hydrogen-production plant is being built at the 
Schiffenen dam hydropower plant [153]. Following the building permit procedure, Axpo 
and Rhiienergie started construction of the 2.5-MW hydrogen production plant at the 
Reichenau hydropower plant on 23 January 2023. The hydrogen system’s installation will 
be connected to the Reichenau hydropower plant. The hydrogen system will produce about 
350 tonnes of green hydrogen annually. The third plant with a smaller capacity for the 
production of green hydrogen is located in Aarau, Switzerland [154]. The plant is located 
at the run-of-the-river plant of IBAarau. The green hydrogen is planned for use as fuel for 
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vehicles. The electrolyser plant supplies enough hydrogen for the annual consumption of 
approximately 170 fuel-cell cars.  

Similarly, a green-hydrogen production plant is being built in Iceland at the 16-MW 
Ljósifoss Hydropower Station near Reykjavík [155]. The facility will be housed in a 700 m2 
building that will be sufficient for maximum production at 10 MW, although the 
electrolysis will be built out in phases, increasing in capacity as demand increases. At full 
capacity, the station will produce enough green hydrogen to power the Reykjavík area’s 
entire public transportation fleet. 

To realise a modern water electrolysis plant for the production of green hydrogen as 
reality on an industrial scale, the ThyssenKrupp company is working with the Canadian 
company Hydro-Québec to install an 88-MW water-electrolysis plant following the 
successful completion of a feasibility study [156]. Hydro-Québec, a state-owned company, 
is one of the largest hydropower suppliers in North America due to the enormous hydraulic 
energy resources in the province of Quebec. The water electrolysis plant will be built in 
Varennes, Quebec, and is expected to produce 11,100 tonnes of green hydrogen annually. 
Both the hydrogen and the oxygen, a by-product of the electrolysis process, will be used 
in a biofuel plant to produce biofuels from residual waste for the transportation sector. 
With a capacity of 88 MW, this plant will be one of the world's first and largest production 
facilities for green hydrogen. Commissioning is planned for the end of 2025 [157]. 
 



27 

Chapter 2 

2 The Aim and Goals of the 
Dissertation 

The main purpose of the dissertation is to investigate both the technical and economic 
aspects of the integration of a hydrogen system into the operation of a hydropower plant. 
Namely, the necessary equipment of hydrogen systems is currently not yet mass produced 
and is therefore expensive, which leads to a challenge with the profitability of the 
cogeneration of electricity and green hydrogen in hydropower plants. Profitability can be 
improved by optimal sizing of the components of the hydrogen system by taking into 
account an expected demand for hydrogen and available electrical energy to generate 
hydrogen. The next challenge is control and coordination of the hydrogen system with the 
hydropower plant’s operation, the prediction of available hydropower and the conditions 
in the electro energetic system and hydrogen market demands. The upgrade of a 
hydropower plant with a hydrogen system thus represents a complex challenge, where 
numerous operating and weather-dependent parameters must be considered. For this 
reason, an appropriate decision-support system for design and operation would be a benefit, 
and the development of such a system is the main target of this dissertation. 

Therefore, the main goal is to develop a decision support tool for hydrogen system 
design and operation that takes into account both (i) technical and operating input 
parameters such as the hydropower plant’s operating power, the dynamics of water inflow 
to the hydropower plant and current water accumulation, the dynamics of electricity 
consumption and anticipated hydrogen consumption and (ii) economic aspects of hydrogen 
production, such as the quantity of hydrogen produced, the amount of required electricity 
for its production, the sizing of the relevant hydrogen system, the investment and operating 
costs of the hydrogen system’s equipment, the production and sales prices of electricity and 
hydrogen, and the income from the sale of electricity and hydrogen.  

The decision-support tool is based on the developed mathematical model of the entire 
system, presented in Figure 2.1. The complete model consists of the following sub-models:  

• Process model of a hydropower plant and hydrogen system, 

• Economic model of the overall system, 

• Control system that coordinates and controls the hydrogen production. 
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Figure 2.1: Conceptual scheme of the developed model. 

The next goal is to use the developed decision-support tool and built-in mathematical 
models for evaluating various real-data-based scenarios for hydrogen production on the 
case-study hydropower plant. The specific goal is to determine the optimal hydrogen 
system’s configuration, evaluate the possibility of a cogeneration of electricity and 
hydrogen, investigate the possibility of hydrogen production from excess hydro energy and 
assessing the amount of hydrogen produced and related financial outcome. 

The design of the decision-support system requires the implementation of several tasks, 
the most important are: 

• Design the mathematical model of a hydropower plant (relation between water flow, 
water level and generated electrical power, considering the number and types of 
hydropower generators); 

• Design the mathematical model of the hydrogen system (relation between input 
electrical power and flow of generated hydrogen including basic dynamics, energy 
efficiency of the components, etc.); 

• Design the prototype control system (control algorithm), which determines under which 
circumstances and in what amount the hydrogen is produced; 

• Design the economic model, which describes the link between the equipment type and 
size, on one hand, and the related capital investment costs (CapEx) and operating costs 
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(OpEx), on the other hand. The economic model also estimates the resulting hydrogen 
production costs and the economic outcome of the operation of the entire system 
(hydropower plant and linked hydrogen system); 

• Setting-up the simulation environment to conduct the simulation experiments and 
present the simulation results; 

• Providing the historical data for simulation and testing (time series of available hydro 
energy, demands for electrical energy and hydrogen generation, prices of electrical 
energy and hydrogen); 

• Estimation of the potential amount of daily hydrogen consumption to support green 
transition (hydrogen use for transport/traffic, heat generation in buildings and 
industry, industrial use as feedstock); 

• Verification of both developed models on the data from the chosen case-study 
hydropower plant.  

Once developed and verified, the decision-support tool can then be used to complete 
the following tasks, related to the design and operation: 

• Simulation of different electricity and hydrogen cogeneration scenarios for a chosen 
case-study hydropower plant (use of hydrogen in transport, for heating, as an excess 
energy for water accumulation levelling, etc.); 

• Determination of the optimal design parameters (sizes, capacities) of all necessary 
components for a hydrogen system (electrolyser, hydrogen storage, hydrogen 
compression unit); 

• Evaluation of the economic effects of cogeneration scenarios (based on built-in 
economic model, estimated hydrogen prices and estimated needs for green hydrogen in 
transportation, industry and heating). 

In the dissertation, we investigated the hypothesis that the usage of the developed 
decision-support tool can lead to more optimal hydrogen-system design for green-hydrogen 
production in hydropower plants. The proper sizing of the hydrogen system equipment by 
simultaneously considering the available water resources and techno-economic aspects (e.g., 
current electricity prices, the selling price of hydrogen) leads to a more optimal selection 
of the hydrogen system’s components in a cogeneration process. It is expected that the use 
of this decision-support tool will contribute to: 

• Simulating the techno-economic aspects of hydrogen system operation in advance 
(hydrogen production quantities, economic effects, degradation of the hydrogen system, 
estimation of remaining lifetime, etc.); 

• Reduction of investment costs of hydrogen systems; 

• Lowering the hydrogen-production price; 

• Increasing the financial sustainability of investment in the hydrogen system. 
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2.1 Structure of the Dissertation 
This dissertation is structured as follows. 

Chapter 1 gives a brief introduction to the subject matter. It gives a preview of the 
content along with the background of hydrogen production and use. First a classification 
of hydrogen types is made based on production methods, feedstock, energy sources and 
CO2 generation during production. Then the typical structure and main components of the 
hydrogen system are investigated, followed by an examination of the investment and 
operation costs for hydrogen production. A comprehensive review of the literature relevant 
to the scope of the dissertation is then provided. Based on this overview, conclusions were 
drawn about the type and size of hydrogen-production systems and their price together 
with the electricity and hydrogen market price to be incorporated into the future process 
model. 

Chapter 2 defines the problem and the objectives of the dissertation. In addition, a 
concept of the complete system model to be developed is defined. 

Chapter 3 addresses the mathematical modelling of the entire system. Several 
mathematical sub-models were developed and implemented in MATLAB/Simulink. Inputs, 
outputs and general characteristics are described. The section ends with a presentation of 
the complete developed process model.  

Chapter 4 demonstrates the application of the developed process model in the case-
study HPP. The section begins with a detailed description of the case-study HPP. Then 
the developed model is adjusted to the case-study HPP, followed by steps for data 
preparation and initial model verification. 

Chapter 5 presents a series of simulation experiments for model verification. After 
verification, this model is used for the simulation-based exploring and optimisation of the 
hydrogen system connected to the case-study HPP. To simplify the visualisation of the 
simulation results and to determine the optimal system configuration, a Hydrogen-System-
Configuration Explorer was developed with the MATLAB Application Designer. It enables 
a manual search for the optimal hydrogen-system parameters for a given objective function. 
To automate the search, an additional system-design tool named Hydrogen System 
Configuration Optimiser was developed.  

Finally, a series of simulations were carried out in MATLAB/Simulink based on the 
developed process model to estimate the financial impact of integrating the hydrogen 
system into the regular operation of the HPP and to properly dimension the hydrogen 
system. 

 Chapter 6 contains the original contributions, summarises the main conclusions and 
describes the future research lines. 

The References section lists the literature cited and used in the dissertation. 
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3 The Developed System Model  

The subject of this chapter is a description of the developed mathematical model of a 
complete system as shown in Figure 2.1. This kind of model is needed to simulate the 
operation of the system over the desired time interval and to evaluate the techno-economic 
effects of operation.  

The developed model serves as a basis for a series of simulation experiments in which 
we will realistically assess the idea of cogeneration by using real data on the case-study 
HPP’s operating conditions, electrical energy and hydrogen-production requirements, their 
current market prices and some additional parameters. The developed model uses a 
combination of first principle and real-data modelling. 

The model enables an optimum sizing of hydrogen system’s elements (electrolyser 
nominal power, storage tank volume and maximum pressure). This is a complex task since 
many parameters, scenarios and operation modes need to be considered. Furthermore, the 
model allows through simulation runs various kinds of sensitivity analysis (influence of 
technical parameters and market conditions on financial effects of HPP operation). 

The goal of the system model is to simulate the operation of the process and to evaluate 
the technical and economic impacts. The process consists of a HPP operation and hydrogen 
production and includes the control system that coordinates the hydrogen production 
considering the power plant's limitations. In addition, the degradation model of the 
electrolyser is also considered as it allows the evaluation of effect of different modes of 
operation on the shortening of equipment lifetime, which in turn influences the profitability. 
All these sub-processes are modelled with sufficient accuracy to describe the mass and 
energy balances, dynamic operation and energy efficiency. On the other hand, the 
complexity of the model is limited in order to avoid a high computational effort during 
simulation and optimisation. 

The complete structure of the developed process model follows the structure of the 
process and consists of the following sub-models/modules: 

• The input data module uses historical data and generates real data on water inflow and 
outflow (available head) and solar irradiation (see Table 3.1) as a function of time in 
the year, which are adjusted for further use. It also provides the hydropower plant's 
“timetable” defined by the electricity-grid operator. The timetable is the demanded 
production of electrical energy as a function of time. 

• The hydropower plant model consists of a simplified model of the power plant’s 
operation by taking into account the basic relations between the potential energy of the 
water and the electrical energy produced.  
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• The electrolyser model describes basic mass balances, energy balances, efficiencies and 
basic dynamic phenomena of the electrochemical conversion of electrical energy and 
water into hydrogen.  

• The hydrogen-storage model is based on the storage of hydrogen in a tank. It defines 
the basic relation between the amount of hydrogen and the pressure in the hydrogen 
tank and evaluates the energy required for hydrogen compression.  

• The photovoltaic field model estimates the electrical energy generation of the PV field 
based on the measured solar irradiation data and the size of the PV field. 

• The remaining useful life (RUL) model evaluates the degradation rate of electrolysers 
depending on the operating mode (dynamic or static operation, number of on/off cycles, 
ageing, etc.). 

• The economic model calculates the financial variables of the operation of the HPP and 
the hydrogen production by the hydrogen system. The financial flows are calculated 
using the quantities and prices of the electrical energy and hydrogen produced, as well 
as the capital and expenditure costs associated with financing and operating the plants. 

• The control system module is an important part of the process, as it is designed to 
balance the requests for predicted electricity and hydrogen production (load-following). 
It takes into account the demand for electrical energy and hydrogen on the market, the 
available hydropower (water flow in the accumulation), the state of charge of the 
hydrogen storage and the limits of the HPP and the electrolyser. 

3.1 Input-Data Module 
The input-data module generates a time profile of water inflow, available head, solar 
irradiation and required electrical energy to be generated and delivered to the grid, 
determined by the grid operator. The data are based on past operation. The past data 
usually has a non-uniform format and time resolution (sampling time). One task of the 
input-data module is therefore to standardise the format and time resolution of the data 
through normalisation, resampling, interpolation and extrapolation. 

A list of the components of the input-data module with their inputs, outputs and 
parameters can be found in Table 3.1. 
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Table 3.1: Input data module variables. 

Input Description  Unit 
/ Files with historic data (time profiles) of: 

• water inflow, 
• water head, 
• required electrical power generation (timetable), 
• solar irradiation. 

/ 

Output 
variables 

Description  Unit 

QIN HPP water reservoir inflow m3/s 
h Current head (the head is the height difference between where 

the water enters into the hydro system and where it leaves it 
measured in metres) 

m 

PTT HPP required electrical power given by system operator 
timetable 

MW 

PPV Electrical power generated by photovoltaic field MW 
Parameters Description Unit 
PPV_INST Nominal power of photovoltaic field  MW 

 

 
The data originates from the supervisory control and data acquisition (SCADA) system 

of the case-study HPP (see Section 3.1). For the purposes of this work, an annual amount 
of data was exported. The data were pre-processed and organised in the form of a matrix 
suitable for further use in the MATLAB/Simulink environment. From more than 100 
different recorded attributes/variables, data on inflow, outflow, overflow (flow through 
spillways) and water flow to individual electrical power generators and their sums were 
selected to recalculate the electrical power generation profile (timetable). The data were 
extracted in monthly columns. Missing values were regenerated and outliers were 
smoothed. Some missing values or measurement intervals were replaced and finally the 
months were merged and synchronised to obtain the entire annual data set. No inflow data 
was available for the case-study HPP, so some data had to be resampled and synchronised 
with the outflow data of the HPP upstream in a cascade of five HPPs originating from a 
different source. The water inflow to the reservoir of the case-study HPP (which is now a 
delayed and smoothed outflow from the previous HPP in the chain) was calculated with 
compensation for evaporation and precipitation in the river downstream to the reservoir. 
Then, uniformly sampled (equidistant) and time-adjusted data were created (time series) 
to perform a simulation with arbitrary start date and duration.  

The owners of the case-study HPP plan to install a photovoltaic (PV) system with a 
nominal capacity of 6 MW. For this reason, the input-data module also contains the 
simulated data of the PV power output for 1 year. The predicted electrical power generated 
by the PV field was calculated based on the solar irradiation data obtained from [158], the 
website of the Slovenian Environmental Agency (ARSO). 

3.2 Hydropower Plant Model 
After reviewing the relevant literature in the field of run-of-river hydropower plant 
modelling [90], [159], [160], [161], [162], [163], [164], [165], [166], we did not find a suitable 
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model in the MATLAB/Simulink programming environment that would meet our needs. 
Therefore, we developed simplified HPP’s operation model and a hydrogen-system model. 
The outputs of these models (electricity and hydrogen production) serve as the inputs to 
the (i) developed economic model and (ii) the developed control system. The complete 
model makes it possible to verify the possibilities of cogeneration of both electrical energy 
and hydrogen in a run-of-river hydropower plant and the resulting financial effects [167].  

The developed model of the hydropower plant (HPP) is composed of several sub-models: 

• Water-accumulation mass balance model, 

• Water-accumulation geometric model (relation between mass and volume of 
accumulated water on one side and water level on the other side), 

• Bypass-flow model (overflow from the water accumulation to limit the water level), 

• Power-generation model (relation between generated electrical power on one side and 
water flow and level on the other side), 

• Lower-water-level model. 

The structure of the overall HPP model and the interconnection between sub-models are 
shown in the following figure: 

 

Figure 3.1: Hydropower plant model. 

A list of variables of the HPP model can be found in Table 3.2 and are shown in Figure 
3.2 and Figure 3.3. 
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Table 3.2: Variables of the hydropower plant. 

Input variables Description Units 
QIN HPP water reservoir inflow m3/s 
PBP HPP electrical energy production according to the HPP’s 

timetable 
m3/s 

PTT_DEM Electrical power demanded according to the timetable MW 
Output 
variables 

Description Units 

PTT_ACT Actual generated electrical power according to the 
timetable 

MW 

Internal 
variables 

Description Units 

QTURB Water flow through turbines m3/s 
QBP Overflow from the water accumulation m3/s 
hUWL Upper water level m.a.s.l. 
hLWL Lower water level m.a.s.l. 
Parameters Description Units 
η Efficiency function parameters η = f (P, h)  % 
ρ Density of water (1000 kg/m3) kg/m3 
g Acceleration due to gravity (9.81 m/s2) m/s2 
VACCUM_MAX Maximum reservoir volume (3,400,000 m3) m3 

 

 
The subsections that follow describe a particular sub-model of the HPP. 

3.2.1 Water-Accumulation Mass-Balance Model 
The HPP is equipped with a water-accumulation reservoir, which is filled by the river flow 
(QIN) and emptied by the water flow through turbines (QTURB) that generate electrical 
power and bypass flow (QBP), i.e., the flow that bypasses the turbines and does not generate 
electrical power. 

The operation of the HPP can lead to rapid and frequent changes in the water flow 
rates, usually as a result of turbines being controlled in response to changes in electrical 
load [168]. To explain the relationships between the variables, a simple drawing of a HPP, 
a water reservoir and the inflow and outflow of the river is shown in Figure 3.2. 
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Figure 3.2: River flow distribution in a HPP scheme [168]. 

The mass balance of the hydropower plant accumulation reservoir can be expressed as 
follows: 

 𝑄𝑄𝐼𝐼𝐼𝐼 − 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑄𝑄𝐵𝐵𝐵𝐵 − 𝐴𝐴𝑃𝑃(ℎ) ∙
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

= 0 (3.1) 

Here, the variables have the following meanings: 

• QIN - flow entering the HPP water reservoir, 

• QTURB - flow entering the HPP generators, 

• QBP - flow leaving the HPP water accumulation reservoir via spillways, 

• h - state of head, 

• AP(h) - reservoir surface area as a function of h. 

This means that, ideally, the difference between the input flow (QIN), the output flow 
(QTURB + QBP) and the rate of change of the water volume in the reservoir should be zero. 
However, since the accuracy of the model is limited, the sum of the terms mentioned is not 
zero, but can be referred to as QRE (residual flow): 

 𝑄𝑄𝐼𝐼𝐼𝐼 − 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑄𝑄𝐵𝐵𝐵𝐵 − 𝐴𝐴𝑃𝑃(ℎ) ∙
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑅𝑅𝑅𝑅  (3.2) 

3.2.2 Geometric Model 
The subchapter defines three possible geometric models of the water level in a water 
accumulation reservoir. Figure 3.3 defines the water-level situation in the whole system of 
both reservoir and HPP turbine generator. 



3.2. Hydropower Plant Model 37 

 

Figure 3.3: Definition of water levels. 

There are several important water levels identified in the figure, see Table 3.3. 
 

Table 3.3: Parameters describing water levels. 

hUWL_MAX Upper water level maximum (accumulation reservoir full) m.a.s.l. 
hUWL Upper water level (actual level in the accumulation reservoir) m.a.s.l. 
hUWL_MIN Upper water level minimum (accumulation reservoir empty) m.a.s.l. 
hLWL Lower water level (near the exit of the turbine generator) m.a.s.l. 
h Water head (hUWL – hLWL) that generates electrical power difference 
hR Water level in the reservoir measured from the minimum 

level (hUWL – hUWL_MIN) 
difference 

m.a.s.l. = metres above sea level 
 

 
The models are useful when the geometry of the accumulation reservoir and its volume 
(VACCUM) are known and there is a need to calculate a resulting denivelation. The cross-
section of the reservoir determines the relation between the water level (hR) and the current 
volume of water in the accumulation reservoir (VACCUM). A trapezoidal cross-section is 
assumed, see Figure 3.4. This results in a relationship between the surface area, the water 
level and the volume in the reservoir, whereby the surface area and the volume increase 
with level. VACCUM_MAX is the maximum volume of the reservoir, AACCUM_MAX is the 
corresponding maximum surface area and dMAX is the maximum variation of the water level 
of the reservoir/denivelation.  
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Figure 3.4: Geometry of a reservoir. 

To create a simplified model for the assumed morphometry of the case-study HPP 
reservoir, it was modelled as the volume of three bodies, a rectangular box and two prisms. 

The volume is calculated as follows: 

 
𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑤𝑤 ∙ ℎ𝑅𝑅 ∙ 𝑙𝑙 + 𝑒𝑒 ∙ ℎ𝑅𝑅 ∙ 𝑙𝑙 = 

= ℎ𝑅𝑅
2 ∙ (𝑘𝑘 ∙ 𝑙𝑙) + ℎ𝑅𝑅 ∙ (𝑤𝑤 ∙ 𝑙𝑙) 

 (3.3) 

where hR and e are 

 ℎ𝑅𝑅 = ℎ𝑈𝑈𝑈𝑈𝑈𝑈 − ℎ𝑈𝑈𝑈𝑈𝑈𝑈_𝑀𝑀𝑀𝑀𝑀𝑀  (3.4) 

 

 𝑒𝑒 = ℎ𝑅𝑅 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡 = ℎ𝑅𝑅 ∙ 𝑘𝑘 (3.5) 

and k is the inclination factor: 

 𝑘𝑘 = 𝑡𝑡𝑡𝑡𝑡𝑡. (3.6) 

Eq. (3.3) can be rewritten as  

 ℎ𝑅𝑅
2 ∙ (𝑘𝑘 ∙ 𝑙𝑙) + ℎ𝑅𝑅 ∙ (𝑤𝑤 ∙ 𝑙𝑙) − 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 0 (3.7) 

The solution of quadratic Eq. (3.7) is a positive value of Eq. (3.7): 

 ℎ𝑅𝑅 =
− 𝑤𝑤 ∙ 𝑙𝑙 ± �𝑤𝑤2 ∙ 𝑙𝑙2 + 4 ∙ 𝑘𝑘 ∙ 𝑙𝑙 ∙ 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

2 ∙ 𝑘𝑘 ∙ 𝑙𝑙
 ,    𝛼𝛼 > 0. (3.8) 

The product 𝑤𝑤 ∙ 𝑙𝑙 represents the surface of the reservoir’s bottom (ABOTTOM) and the 
product 𝑘𝑘 ∙ 𝑙𝑙 can be derived from Eq. (3.9) for the surface of the reservoir and maximum 
denivelation (dMAX) 

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 2 ∙ 𝑘𝑘 ∙ 𝑙𝑙 ∙ 𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀 . (3.9) 

Eq. (3.8) can thus be rewritten in a different form as 
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 ℎ𝑅𝑅 =
− 𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + �𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 + 2 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀
∙ 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀

,    𝛼𝛼 > 0. (3.10) 

We can also define the part of the reservoir’s surface (pTRAP) over its trapezoidal part 
regarding the total reservoir’s surface AACCUM_MAX as 

 𝑝𝑝𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀
. (3.11) 

By knowing the estimation for pTRAP, Eq. (3.3) can be rewritten in the form 

 ℎ𝑅𝑅 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑀𝑀𝑀𝑀𝑀𝑀 ∙ (𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 1) + �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑀𝑀𝑀𝑀𝑀𝑀

2 ∙ (𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 1)2 + 2 ∙ 𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀
𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀

∙ 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑀𝑀𝑀𝑀𝑀𝑀

𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀

,    𝛼𝛼 > 0 (3.12)  

The availability of data determines which of these three models (Eqs. (3.8), (3.10), 
(3.12) is reasonable to choose for modelling the HPP's water reservoir. 

3.2.3 Bypass-Flow Model 
In a real HPP, the water level in the accumulation reservoir cannot exceed hMAX due to 
overflow. When the level reaches hUWL_MAX, overflow occurs and prevents the level from 
further rising. In the model, this is implemented by the following relation: 

 

ℎ𝑈𝑈𝑈𝑈𝑈𝑈  ≤  ℎ𝑈𝑈𝑈𝑈𝑈𝑈_𝑀𝑀𝑀𝑀𝑀𝑀: 𝑄𝑄𝐵𝐵𝐵𝐵 = 0 �
𝑚𝑚3

𝑠𝑠
� 

ℎ𝑈𝑈𝑈𝑈𝑈𝑈  >  ℎ𝑈𝑈𝑈𝑈𝑈𝑈_𝑀𝑀𝑀𝑀𝑀𝑀: 𝑄𝑄𝐵𝐵𝐵𝐵 = 𝑘𝑘𝐵𝐵𝐵𝐵 ∙ �ℎ𝑈𝑈𝑈𝑈𝑈𝑈 − ℎ𝑈𝑈𝑈𝑈𝑈𝑈_𝑀𝑀𝑀𝑀𝑀𝑀� �
𝑚𝑚3

𝑠𝑠
�  

(3.13) 

QBP represents the bypass flow, i.e., overflow. When the water level is below maximum, 
there is no overflow. When the water level is at the maximum or above, overflow is 
proportional to the level deviation over maximum. In the equation above, kBP represents 
the flow coefficient in units [m2/s].  

3.2.4 Power-Generation Model 
A simplified static model is used to simulate a HPP’s operation. The use of a static model 
instead of a dynamic model is justified by the fact that the transition phenomena of a HPP 
during a power change are much shorter than the simulation and observation step, which 
is typically between 15 and 30 minutes.  

The basic model establishes the relationship between water flow and water level on one 
hand, and resulting generated electrical power, on the other hand. A simplified model of 
the energy efficiency is also integrated into the model.  

In the HPP simulation, two forms of models, “direct” and “inverse” are possible. The 
direct model calculates the generated electrical power (P) based on the actual water head 
(h) and the water flow (QTURB) to the HPP, taking into account the turbine and generator 
efficiency (η). 

The direct model is given by the following basic equation, which determines the 
generated electrical power (P) as a function of the water inflow (QTURB) and the water head 
(h) (source [163], [164], [8], [162]):  
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 𝑃𝑃 = 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∙ ℎ ∙ 𝑔𝑔 ∙ 𝜌𝜌 ∙ 𝜂𝜂 (3.14) 

An inverse model is needed in the case when the demanded generated electrical power 
is given and the corresponding water flow rate has to be determined. For the inverse model, 
the inverted equation is used: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑃𝑃

ℎ ∙ 𝑔𝑔 ∙ 𝜌𝜌 ∙ 𝜂𝜂
 (3.15) 

The efficiency factor (η) is not constant, but depends on the operating power (P) and 
the water head (h). The typical shape of the function η = f (P, h) is shown in Figure 3.5 
and represents the total efficiency of the turbine and generator [169], [170]. 

 

Figure 3.5: Generator efficiency as a function of power (P) and head (h). 

The efficiency can be determined experimentally or derived from the literature and can 
be approximated by the following quadratic relation: 

 𝜂𝜂 (𝑃𝑃, ℎ) = 𝑎𝑎1 + 𝑎𝑎2ℎ + 𝑎𝑎3𝑃𝑃 + 𝑎𝑎4ℎ2 + 𝑎𝑎5𝑃𝑃2 (3.16) 

From Eq. (3.15), we can derive an inverse value of water flow: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−1 =
1
𝑃𝑃
∙ (ℎ ∙ 𝑔𝑔 ∙ 𝜌𝜌 ∙ 𝜂𝜂) (3.17) 

By inserting relation (3.16) into (3.17), we get: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−1 = 𝑔𝑔 ∙ 𝜌𝜌 ∙ �
ℎ
𝑃𝑃
∙ (𝑎𝑎1 + 𝑎𝑎2ℎ + 𝑎𝑎3𝑃𝑃 + 𝑎𝑎4ℎ2 + 𝑎𝑎5𝑃𝑃2)� (3.18) 

After further manipulation we get: 
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 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−1 = 𝑔𝑔 ∙ 𝜌𝜌 ∙ �𝑎𝑎1
ℎ
𝑃𝑃

+ 𝑎𝑎2
ℎ2

𝑃𝑃
+ 𝑎𝑎3ℎ + 𝑎𝑎4

ℎ3

𝑃𝑃
+ 𝑎𝑎5ℎ𝑃𝑃� (3.19) 

As the gravitational acceleration (g) and water density (𝜌𝜌) are constants, we can introduce 
new coefficients (qi): 

 𝑞𝑞𝑖𝑖 = 𝑎𝑎𝑖𝑖 ∙ 𝑔𝑔 ∙ 𝜌𝜌         (𝑖𝑖 = 1 … 5) (3.20) 

Then, Eq. (3.19) can be rewritten as: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−1 = 𝑞𝑞1
ℎ
𝑃𝑃

+ 𝑞𝑞2
ℎ2

𝑃𝑃
+ 𝑞𝑞3ℎ + 𝑞𝑞4

ℎ3

𝑃𝑃
+ 𝑞𝑞5ℎ𝑃𝑃 (3.21)  

or: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−1 = 𝑞𝑞1 ∙ ℎ1𝑃𝑃−1 + 𝑞𝑞2 ∙ ℎ2𝑃𝑃−1 + 𝑞𝑞3 ∙ ℎ1𝑃𝑃0 + 𝑞𝑞4 ∙ ℎ3𝑃𝑃−1 + 𝑞𝑞5 ∙ ℎ1𝑃𝑃1 (3.22) 

Finally, (QTURB) can be expressed in more compact form: 

 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ��(𝑞𝑞𝑖𝑖 ∙ ℎℎ𝑖𝑖 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝)
5

𝑖𝑖=1

�

−1

 (3.23) 

The exponents hi and pi result directly from Eq. (3.20), while the set of coefficients (qi) 
is taken from the literature [170], [169], see Table 3.4: 

Table 3.4: Coefficients. 

i hi pi qi 
1 1 -1 6.3868E-03 
2 2 -1 2.6564E-04 
3 1 0 1.4992E-04 
4 3 -1 -9.2174E-06 
5 1 1 -5.3474E-06 

 

 
The inverse model calculates the required water inflow (QTURB) to the power plant for 

the demanded electrical power (P) at an actual water head (h). The inverse model is used 
to determine the required water flow for the demanded electrical power, defined by operator 
timetable. It uses the real data of the actual water inflow into the reservoir and the actual 
water head (h). The module updates an overall water accumulation of the HPP and 
identifies the difference between the demanded electrical power according to the timetable 
(based on the system operator’s model) and the electrical energy production that is actually 
possible (based on actual water inflows). 

3.2.5 Lower-Water-Level Model 
The lower water level (hLWL) is the water level at the exit of the turbine generator. Together 
with the upper water level (hUWL) it defines the water-level difference (h), which determines 
the amount of electrical power generated by the water flow through the turbine generator 
(QTURB). The lower water level is not a constant value and depends on many conditions; 
the most important one is the flow through turbines (QTURB).  
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The determination of a rating curve depends on a number of complicated factors, 
including the geometry of the riverbed and the uncertainty of the discharge measurements. 
The determination of the discharge rate is normally subject to high uncertainty. High water 
levels represent extreme conditions that are dangerous and unfavourable for measurements. 
It can therefore be difficult to create a reliable measurement curve. Extreme discharge 
conditions are particularly prone to errors. 

The most common type of functional relationship in rating curves is a fairly simple 
power-type equation, e.g., Eq. (3.24), which can be used to simulate the relationship 
between the discharge and the lower water level can be found in [171], [172], [173]. The 
general mathematical description for the stage-discharge relationship is given as: 

 𝑄𝑄 = 𝑎𝑎(ℎ − ℎ0)𝑏𝑏 (3.24) 

where Q is the stream discharge, [m3/s], h is the water level [m], h0 is the water level 
corresponding to zero discharge [m], and a and b are the parameters of the rating curve 
model.  

The data-based model of the lower water level used in this dissertation is presented in 
Section 4.2.3. 

3.3 Hydrogen-System Model 
A developed hydrogen-system model consists of several sub-models: electrolyser, 
compressor, hydrogen storage. During modelling, the realistic technical characteristics and 
limitations of individual components were taken into account. The model enables an 
estimation of the amount of hydrogen produced and stored from the available electrical 
energy. 

3.3.1 Electrolyser Model 
A simple static model of the electrolyser was developed, which defines the relation between 
the input electrical energy to the electrolyser and the generated hydrogen flow. In general, 
the electrolysis process involves various kinds of losses. Theoretically, a 100% efficient 
electrolysis system would require 39.39 kWh of electrical energy to produce 1 kg of 
hydrogen at standard temperature and pressure, since 1 kg of hydrogen releases 39.39 kWh 
of energy when combusted. But due to losses, about 50 kWh of energy is required to 
produce 1 kg of hydrogen using commercial electrolysers available now. 

The efficiency model was built on the basis of a particular industrial electrolyser, 
produced by the manufacturer NEL [58]. The manufacturer provides the data about the 
overall electrolyser system’s efficiency and the stack efficiency. A stack represents a set of 
electrolyser cells, while the system also includes a number of BoP components (actuators 
for cooling, preheating, sensors, electronic control units, etc.), which also consume electrical 
power during operation. Table 3.5 provides data on the efficiency of a particular NEL 
electrolyser at a particular flow of generated hydrogen: 
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Table 3.5: Efficiency as a function of load. 

QH2 
hydrogen flow rate 

CSTACK 
consumption 
stack 
[kWh/kg] 

CSYS 
consumption 
system 
[kWh/kg] 

ηSTACK 
efficiency 
stack 

ηSYS 
efficiency 
system [%] [kg/h] 

10 2.2 45.6 61.2 0.86 0.64 
20 4.5 46.2 54.0 0.85 0.73 
30 6.7 46.7 52.8 0.84 0.75 
40 9.0 47.8 52.8 0.82 0.75 
50 11.2 49.0 53.4 0.80 0.74 
60 13.5 50.1 54.4 0.79 0.72 
70 15.7 51.2 55.6 0.77 0.71 
80 18.0 52.3 56.7 0.75 0.69 
90 20.2 53.4 57.9 0.74 0.68 
100 22.5 54.5 59.0 0.72 0.67 

 

 
The data from the above table are shown graphically in Figure 3.6, where the x-axis 

represents the hydrogen flow (QH2 [kg/h]) and the y-axis represents the specific electrical 
energy consumption (C [kWh/kg]) for hydrogen generation at a particular hydrogen flow. 
The bottom curve (blue line, symbol “∗”) represents the energy consumption of 
electrochemical cells (stack) only, while the upper curve (red line, symbol “+”) represents 
the consumption of the entire system (stack and BoP components). It can be noticed that 
the system relative consumption increases and the efficiency decreases with the electrolyser 
load (flow rate of the produced hydrogen). 

 

Figure 3.6: Electrical energy consumption as a function of hydrogen production rate. 

An important feature of electrolysers (and fuel cells) is the polarisation curve, which 
characterises the operation of a single cell of the electrolyser. The polarisation curve is a 
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graph whose x-axis represents the cell current density [A/cm2] and the y-axis represents 
the cell voltage [V] needed to generate the electric current. In the case of the electrolyser’s 
manufacturer NEL, the polarisation curve is not expressed directly. Note that it is not 
needed for modelling either, as the consumption of the electrolyser at a given hydrogen 
production rate is explicitly defined in Table 3.5. However, for demonstration and 
comparison purposes, we extract the polarisation curve from the relationship resulting from 
Table 3.5. 

The polarisation curve is determined using the following relationship. The mass-flow 
rate (QH2 or ṁ), see Table 3.5, column 2, was converted to the molar-flow rate (ṅ) using 
Eq. (3.25), where (MH2) is the molar mass of hydrogen. The factor 1000 is used to convert 
kilogrammes [kg] to grammes [g] and the factor 3600 is used to convert hours [h] to seconds 
[s].  

 𝑛̇𝑛 =
𝑚𝑚𝑚𝐻𝐻2 ∙ 1000
𝑀𝑀𝐻𝐻2 ∙ 3600 

, �
𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠
� (3.25) 

Next, the relationship (3.26) between hydrogen molar flow rate (ṅ) and electric current 
(IDC) was introduced. The electric current is proportional to the hydrogen flow, and this 
originates from the simple fact that each hydrogen atom brings one electron, which is a 
carrier of the electric current. In the equation, (NCELL) is the number of electrolyser stack 
cells, ne is the number of electrons in one hydrogen molecule (hydrogen molecule is 
diatomic, so it has 2 electrons), (NA) is Avogadro’s number and (qEL) is the electric charge 
of one electron.  

 𝐼𝐼𝐷𝐷𝐷𝐷[𝐴𝐴] =
𝑛𝑛𝑛 �𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠 �
𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶[1] ∙ 𝑛𝑛𝑒𝑒 ∙ 𝑁𝑁𝐴𝐴 �

1
𝑚𝑚𝑚𝑚𝑚𝑚

� ∙ 𝑞𝑞𝐸𝐸𝐸𝐸[𝐴𝐴𝐴𝐴] (3.26) 

The next step in determining the polarisation curve is to calculate the electric current 
density (J), which is the electric current (IDC) distributed over the cross-sectional area 
(ACELL) of a single cell of the electrolyser: 

 𝐽𝐽 �
𝐴𝐴
𝑐𝑐𝑐𝑐2� =

𝐼𝐼𝐷𝐷𝐷𝐷[𝐴𝐴]
𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶[𝑐𝑐𝑐𝑐2] (3.27) 

The electrolyser cell voltage (UDC) represents the y-axis of the polarisation curve. In 
our case, it was estimated from the expression for the electrical power of the electrolyser 
stack: 

 𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑈𝑈𝐷𝐷𝐷𝐷 ∙ 𝐼𝐼𝐷𝐷𝐷𝐷 ∙ 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (3.28)  

Cell voltage is then expressed by the relation above: 

 𝑈𝑈𝐷𝐷𝐷𝐷 =
𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐼𝐼𝐷𝐷𝐷𝐷 ∙ 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
 (3.29)  

Electrical power (PEL_STACK) expressed in [kW] from the relationship above is simply 
derived from the specific consumed electrical power, see Table 3.5, column 3, multiplied by 
the hydrogen mass flow rate, see Table 3.5, column 2: 

 𝑃𝑃𝐸𝐸𝐿𝐿_𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆[𝑘𝑘𝑘𝑘] = 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑄𝑄𝐻𝐻2) �
𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘

� ∙ 𝑄𝑄𝐻𝐻2 �
𝑘𝑘𝑘𝑘
ℎ
� (3.30)  
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Based on the current density (J) and the cell voltage (UDC), the polarisation curve is 
generated (Figure 3.7). 

 

Figure 3.7: Polarisation curve. 

The already mentioned characteristic value is the efficiency of “conversion” of the 
electrical energy into hydrogen (see Table 3.5). It is defined as the quotient between the 
thermal power (PH2_HHV) of the produced hydrogen, and the electrical power consumed for 
hydrogen production. Two types of efficiency are observed: 

• stack efficiency (based on the energy consumption of the stack only); 

• system efficiency (based on the energy consumption of the stack + the balance of the 
plant’s components). 

Stack efficiency, see Eq. (3.31)  

 𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑃𝑃𝐻𝐻2_𝐻𝐻𝐻𝐻𝐻𝐻

𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 (3.31)  

and system efficiency, see Eq. (3.32). 

 𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑃𝑃𝐻𝐻2_𝐻𝐻𝐻𝐻𝐻𝐻

𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆
 (3.32)  

The thermal power of the produced hydrogen (PH2_HHV) is proportional to the mass flow 
of hydrogen and the hydrogen high heating value (EH2_HHV) of 39.39 kWh/kg H2: 

 𝑃𝑃𝐻𝐻2_𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑄𝑄𝐻𝐻2 �
𝑘𝑘𝑘𝑘
ℎ
� ∙ 𝐸𝐸𝐻𝐻2_𝐻𝐻𝐻𝐻𝐻𝐻 �

𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘

� (3.33)  

The hydrogen-production electrical power of the stack only is expressed by Eq. (3.28). 
The electrical power of the entire system (stack + balance of plant components) is 
expressed as: 
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 𝑃𝑃𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆[𝑘𝑘𝑘𝑘] = 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆(𝑄𝑄𝐻𝐻2) �
𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘

� ∙ 𝑄𝑄𝐻𝐻2 �
𝑘𝑘𝑘𝑘
ℎ
� (3.34)  

The resulting efficiency curves are shown in Figure 3.8.  

 

Figure 3.8: Efficiency curves. 

The developed static model of the electrolyser describes the mass and energy balances 
of hydrogen production by water electrolysis.  

3.3.2 Hydrogen-Compression Model 
After generation, hydrogen must be stored for later use. Here, storage in pressurised form 
in tanks is considered. In general, the maximum pressure in the tanks can vary between 
e.g. 50 bar and up to 900 bar, depending on the tank shape and material used. Higher 
pressure means smaller geometrical dimensions of the tank, but the energy needed for 
hydrogen compression increases and can represent a significant portion of hydrogen’s 
combustion energy, also known as the heating value (HHV or LHV). Therefore, in this 
subsection, we investigate the energy needed for hydrogen compression as a function of 
target pressure. Hydrogen can be compressed by mechanical compressors and also 
electrochemically by PEM membranes [174], [175]. For mechanical compression, the 
following equation estimates the compression energy [174]: 

 𝐸𝐸𝐶𝐶 = 𝑚𝑚 ∙
𝑅𝑅 ∙ 𝑇𝑇
𝑀𝑀

∙ �
𝛾𝛾

𝛾𝛾 − 1
� ∙ ��

𝑝𝑝𝐻𝐻2
𝑝𝑝𝐼𝐼𝐼𝐼

�
𝛾𝛾−1
𝛾𝛾
− 1� (3.35)  

Variables in the equation have the following meanings: 

• pIN – initial pressure [bar], i.e., pressure at the output of the electrolyser 

• pH2 – target pressure [bar], i.e., pressure in storage tank 

• EC – energy [J] needed for compression from (pIN) to (pH2) 
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• m – mass of hydrogen to be compressed [kg] 

• M – molar mass of hydrogen (2.01588 10-3 [kg/mol]) 

• R – gas constant (8.314 [J/(mol K)]) 

• T – absolute temperature (293 [K]) 

• γ – compression factor (the adiabatic coefficient of hydrogen is γ = 1.41) 

For electrochemical compression, energy needed for compression can be expressed as: 

 𝐸𝐸𝐶𝐶 = 𝑚𝑚 ∙
𝑅𝑅 ∙ 𝑇𝑇
𝑀𝑀

∙ 𝑙𝑙𝑙𝑙 �
𝑝𝑝𝐻𝐻2
𝑝𝑝𝐼𝐼𝐼𝐼

� (3.36)  

The figure below shows the dependence between the target (end) pressure (pH2) and the 
required compression energy for adiabatic mechanical compression and electrochemical 
compression. In both cases the starting pressure and temperature are 1 bar and 20 °C, 
respectively. 

 

Figure 3.9: Hydrogen compression energy as a function of target pressure. 

It can be seen that mechanical compression to 800 bar consumes almost 7 kWh per kg 
of hydrogen, which represents almost 18% of hydrogen internal energy HHV, which is 39.39 
kW/kg.  

Since hydrogen production and compression operates in a continuous way, compression 
power PC is more interesting than energy and can be expressed for mechanical adiabatic 
compression: 

 𝑃𝑃𝐶𝐶 = 𝑄𝑄𝐻𝐻2 ∙
𝑅𝑅 ∙ 𝑇𝑇
𝑀𝑀

∙ �
𝛾𝛾

𝛾𝛾 − 1
� ∙ ��

𝑝𝑝𝐻𝐻2
𝑝𝑝𝐼𝐼𝐼𝐼

�
𝛾𝛾−1
𝛾𝛾
− 1� (3.37)  

and electrochemical compression: 
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 𝑃𝑃𝐶𝐶 = 𝑄𝑄𝐻𝐻2 ∙
𝑅𝑅 ∙ 𝑇𝑇
𝑀𝑀

∙ 𝑙𝑙𝑙𝑙 �
𝑝𝑝𝐻𝐻2
𝑝𝑝𝐼𝐼𝐼𝐼

� (3.38) 

3.3.3 Required Electrical Power to Generate and Compress Hydrogen 
As follows from the previous two subsections, the hydrogen system composed of 
electrolyser, compressor and storage consumes electrical power in two ways:  

• power PG for hydrogen generation by electrolyser (Section 3.3.1,). 

• power PC for hydrogen compression (Section 3.3.2) 

The power component PG depends on the flow rate of generated hydrogen (QH2) and it 
can be expressed in the following generalised form: 

 𝑃𝑃𝐺𝐺 = 𝑄𝑄𝐻𝐻2 ∙ 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆(𝑄𝑄𝐻𝐻2) = 𝑄𝑄𝐻𝐻2 ∙ 𝑎𝑎(𝑄𝑄𝐻𝐻2) (3.39)  

Here, a(Q) is a non-linear function indicating the consumption [kWh/kg H2] as a 
function of the flow of hydrogen generated by the electrolyser from NEL, see Table 3.5, 
column 4 (CSYS). 

The power component PC depends on target pressure (p) and flowrate (QH2) of generated 
hydrogen, which needs to be compressed: 

 𝑃𝑃𝐶𝐶 = 𝑄𝑄𝐻𝐻2 ∙ 𝑏𝑏(𝑝𝑝) (3.40) 

Equation (3.40) is a generalised form of equations (3.37) or (3.38). Here, b(p) is a non-
linear function that gives the consumption [kWh/kg] as a function of the final compression 
pressure (p = pH2). 

Total power required for the generation and compression (PGC) of hydrogen with a flow 
rate (QH2) and a final pressure (p) can be expressed in generalised form: 

 𝑃𝑃𝐺𝐺𝐺𝐺 = 𝑃𝑃𝐺𝐺 + 𝑃𝑃𝐶𝐶 = 𝑄𝑄𝐻𝐻2 ∙ (𝑎𝑎(𝑄𝑄𝐻𝐻2) + 𝑏𝑏(𝑝𝑝)) (3.41) 

For a given pressure p, the term b(p) is a constant denoted by the symbol c; c = b(p). 

 𝑃𝑃𝐺𝐺𝐺𝐺 = 𝑄𝑄𝐻𝐻2 ∙ (𝑎𝑎(𝑄𝑄𝐻𝐻2) + 𝑐𝑐) (3.42) 

 

 

Figure 3.10: Direct model. 
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If the hydrogen flow rate QH2 and current pressure p are given, then the calculation of 
the electrical power PGC is a subject of direct calculation by equation (3.42), which 
represents direct model, illustrated also by Figure 3.10. But in the opposite case, if the 
available power (PGC) for the generation and compression of hydrogen is given and the 
hydrogen pressure (p) is also defined, it is necessary to determine the hydrogen mass flow 
(QH2) at which the power (PGC) is just sufficient to generate and compress hydrogen. It is 
therefore necessary to express the flow (QH2) from the equation (3.42). An analytical 
solution is not possible because a(QH2) is a non-linear function, which is tabulated in our 
case. Therefore, the solution must be found numerically by interpolation. The procedure is 
the following: 

• Based on given pressure p calculate c = b(p). 

• Create initial hydrogen mass flow vectors QH2; QH2_min ... QH2_max with, e.g., 10 steps. 

• Calculate the corresponding electrical powers PGC using the equation (3.42). 

• Based on the given available power PGC, calculate the hydrogen mass flow QH2 using 
the linear interpolation function. In MATLAB, this can be implemented by the 
following code line: QH2 = interp1(PGC, QH2, PGC).  

The procedure represents an inverse model, and is illustrated by Figure 3.11. 

 

Figure 3.11: Inverse model. 

Figure 3.12 shows the hydrogen generation power (PG), compression power (PC) and their 
sum (PGC) as a function of the hydrogen flow (QH2) and the target compression pressure 
(pH2). 
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Figure 3.12: a) Generation, b) compression c) generation and compression power as a 
function of pressure and hydrogen mass-flow rate.  

A list of model inputs, outputs and parameters can be found in Table 1.1. 
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Table 3.6: Electrolyser model variables. 

Input variables Description  Units 
PGC Actual energy consumption for hydrogen generation and 

compression 
MW 

pH2 Current pressure in the hydrogen storage tank bar 
Output 
variables 

Description  Units 

QH2 Generated hydrogen mass flow kg/h 
ηSYS hydrogen system’s operating efficiency % 
Parameters Description  Units 
EH2_HHV Energy content of 1 kg hydrogen (141.9 MJ, i.e. 39.39 kWh) kWh 
KL Compression-loss coefficient  / 
n Compression-loss exponent / 
PC Power losses for hydrogen compression  MW 

 

 

3.3.4 Hydrogen-Storage Model 
The hydrogen-storage model assumes hydrogen storage in pressurised tanks. The 
corresponding model defines the actual pressure in the hydrogen-storage tank according to 
the hydrogen production (inflow) and consumption (outflow). A list of the variables of the 
hydrogen-storage model with their inputs, outputs and parameters can be found in Table 
3.7. 

Table 3.7: Hydrogen-storage model variables. 

Input variables Description  Units 
QH2 Input mass-flow rate to storage (produced hydrogen 

flow rate) 
kg/h 

QH2_OUT_DEM Demanded output mass-flow rate of hydrogen  kg/h 
QH2_OUT_ACT Actual output flow mass rate of hydrogen kg/h 
Output 
variables 

Description  Units 

pH2 Current pressure in the hydrogen storage tank bar 
Parameters Description  Units 
VGEO Hydrogen storage tank geometric volume m3 
mH2 Mass of hydrogen in the tank kg 
RH2 Hydrogen specific gas constant (RH2 = 4124 J/(kg K) 

[176]) 
J/(kg K) 

Tm Mean temperature of stored hydrogen K 
pH2_MIN Minimum allowed tank pressure bar 

 

 
The model considers the hydrogen-storage pressure. If pressure is below minimum, 

which indicates empty storage, the hydrogen tank outflow is stopped. In this way, reaching 
zero or negative pressure is prevented, which is in accordance with physical laws: 
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         𝑖𝑖𝑖𝑖 �𝑝𝑝𝐻𝐻2 ≥ 𝑝𝑝𝐻𝐻2𝑀𝑀𝑀𝑀𝑀𝑀� 

                          𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷  

                                                   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

     𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐴𝐴𝐴𝐴𝐴𝐴 = 0 

(3.43) 

The time-derivative of stored mass in tank can be expressed as the difference between 
inlet and outlet mass-flow rate (QH2 [kg/s] and QH2_OUT [kg/s], respectively): 

 𝑑𝑑𝑚𝑚𝐻𝐻2

𝑑𝑑𝑑𝑑
= �𝑄𝑄𝐻𝐻2 − 𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐴𝐴𝐴𝐴𝐴𝐴� (3.44) 

By numeric integration of the derivative, current mass of hydrogen in the tank mH2 is 
calculated.  

The relation between mass (mH2) of stored hydrogen in the tank and hydrogen pressure 
in the tank (pH2) is given by the well-known ideal gas law: 

 𝑝𝑝𝐻𝐻2 ∙ 𝑉𝑉𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑚𝑚𝐻𝐻2 ∙ 𝑅𝑅𝐻𝐻2 ∙ 𝑇𝑇𝑚𝑚 (3.45) 

The values for (RH2) and (Tm) are assumed to be constant. The block diagram of the 
hydrogen-storage model is shown in Figure 3.13. 

 

Figure 3.13: Hydrogen storage sub-model. 

First, the model subtracts the mass flow (QH2) of hydrogen produced and the simulated 
hydrogen consumption (QH2_OUT_ACT). This is followed by integration resulting in the mass 
of stored hydrogen. Mass is then converted to pressure using the ideal gas law equation. 
Pressure is also converted from Pa to bar. 

3.4 Photovoltaic-Field Model 
A photovoltaic power-plant model has been developed for the case when the HPP is 
equipped with a photovoltaic (PV) field for additional electrical power generation. The PV 
model calculates the power of the PV field based on the actual solar irradiation data and 
area of PV field: 

 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐽𝐽𝑆𝑆 ∙ 𝐴𝐴𝑃𝑃𝑃𝑃 ∙ 𝜂𝜂𝑃𝑃𝑃𝑃  (3.46)  

Here, PPV is the generated electrical power, JS is the actual solar irradiation (function 
of time and geographical location), APV is area of photovoltaic field and ηPV is the efficiency 
of the conversion of solar irradiation to electrical power. An example of the resulting time 
profile of the generated electrical power is shown in Figure 3.14. 



3.4. Photovoltaic-Field Model 53 

 

Figure 3.14: Simulated annual production of electrical energy from 6 MW PV field. 

The data set for annual solar irradiation was created based on data from the Slovenian 
Environment Agency and used for the simulation of the PV field's electrical power 
generation. A list of the variables of the photovoltaic field model can be found in Table 
3.8. 

Table 3.8: Photovoltaic field model variables. 

Inputs Description  Units 
JS Solar irradiance  W/m2 
Outputs Description  Units 
PPV Generated electrical power MW 
Parameters Description  Units 
APV PV field area m2 
ηPV PV field efficiency (14.5 %) % 

 

 
Figure 3.15 shows a scheme of photovoltaic field model. The input to this model is the 

current measured solar irradiance (JS). The model then calculates the power generated by 
the PV field (PPV) using Eq. (3.46). 

 

Figure 3.15: Structure of PV field sub-model. 
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3.5 Remaining-Useful-Life Model 
This model is intended to estimate the remaining useful life (RUL) of an electrolyser. The 
RUL model is needed for the implementation of the economic model, addressed later in 
this section. The degradation process of the system and the reduction of its remaining 
useful life is driven by numerous complex mechanisms of materials and components 
degradation, which depends on many factors, such as system age, intensity and duration 
of the exploitation, number and duration of events with irregular process conditions (e.g. 
overload, overheating, contaminated input streams, etc.). Exact modelling of degradation 
and the remaining useful life is therefore extremely complex and demanding and exceeds 
the scope of this work. Instead, we propose a very simplified model, which assumes the 
following factors that reduce the RUL: 

• equipment ageing (some degradation progresses can occur while the system is not in 
operation, since material and components degrade due to environmental effects), 

• amount of electrical energy used (when the system is in operation, material and 
components degrade due to the transport of material, catalyst degradation, etc.), 

• number of system start-up events (each start-up event causes changes in temperature 
and thermal stress, which have a negative effect on the materials and components). 

The proposed structure of the RUL model is shown below: 

 

Figure 3.16: Structure of RUL sub-model. 

• tL represents the total lifetime of the system (assumed e.g., 80,000 h).  

• The upper branch with gain ga represents degradation due to ageing. Gain ga is the 
ratio between the lifetime tL in the case of continuous operation and lifetime tA in case 
the system is not used (ga = tL / tA). Elapsed time from the beginning of life is multiplied 
by gain ga. 

• The middle branch with gain ge represents the degradation due to exploitation (hydrogen 
production). This branch integrates the input electrical power of the electrolyser 
resulting in the total amount of electrical energy consumed, which is in close relation 
to the total mass of hydrogen produced. In general, ge = 1 / PMAX, where PMAX 
represents the maximum electrical power of the hydrogen system.  
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• The bottom branch with gain gi represents degradation due to intermittent operation 
(frequent start-up and stop). Gain gi represents the lifetime reduction by each start-up 
event. 

A list of the variables of the degradation model can be found in Table 3.9. 

Table 3.9: Degradation model variables. 

Inputs Description  Units 
PGC Hydrogen generation and compression power MW 
Outputs Description  Units 
RUL The remaining useful life of the hydrogen system h 
Parameters   
tL Hydrogen system’s lifetime during continuous operation at 

nominal power 
h 

tA Hydrogen system’s lifetime if not operated (pure ageing) h 
ga RUL reduction gain due to ageing - 
ge RUL reduction gain due to exploitation MW-1 
gi RUL reduction gain due to intermittent operation h 

 

 
Note that the degradation of the hydrogen system actually manifests in two ways: 

• reduction of the remaining useful life (RUL), 

• reduction of the energy efficiency. 

Both manifestations of degradation appear in parallel, but in this work, only the 
reduction of RUL is considered, but not the reduction of energy efficiency. In our model, 
energy efficiency is assumed to be unchanged during the entire lifetime of the electrolyser. 

Note also that the typical hydrogen system consists of several major components: 
electrolyser, hydrogen compressor and hydrogen-storage tank. These components have 
different degradation models, but in our work, we only use one common degradation model 
for the entire system, which is not completely realistic. 

Currently, the commercial electrolyser stacks have been in operation for more than 
80,000 hours [51]. The authors also reported certain degradation of efficiency (loss of 
production). For example, a degradation rate of 0.125%/1000 h corresponds to a 10% 
increase in energy consumption over a 10-year lifetime for a system operating for 8000 
hours per year. Commercial PEM electrolysers can operate in a wide current density range 
from 1 to 4 A/cm2. Today, the typical degradation rate is about 0.15% every 1000 hours 
[177], [178]. Degradation increases with current density (potential) and temperature [179].  

In one of the reported tests [180], a drop of voltage < 5 µV/h was measured for a stack 
operated continuously for 6865 h at 3 A/cm2 and producing hydrogen at a pressure of 15 
bar, corresponding to an efficiency loss of < 2% per year (8760 h). The FCH-JU-projected 
degradation target for PEM electrolysers by 2030 is expected to be less than 2.3 μV/h 
[179], which corresponds to an efficiency loss of 1% per year (8760 h). 

At the current stage of development of PEM electrolysers, the focus is usually on 
durability and reliability rather than cost. Therefore, evidence of a lifetime without 
measurable degradation has already been provided, e.g., in the form of an increase in cell 
voltage over the operating time [181]. 
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3.6 Economic Model  
The main purpose of the economic model is to evaluate the financial results of the entire 
system operation by estimating both the generated incomes and the operating costs. 
Obviously, the economic model is a very important part of the overall model as it supports 
the techno-economic analysis of the operation under various system sizes, variants and 
operation scenarios.  

The economic model developed in our study is strongly linked to the system process 
model (presented in Sections 3.2 and 3.4) and the model of the remaining useful life 
(represented in Section 3.5). 

Let us first analyse the financial incomes generated by the system’s operation. These 
can be divided into the following categories: 

• Income from the electrical energy, delivered to the electricity grid and the market; 

• Income from the hydrogen, delivered to the consumers. 

Income (financial flow) from the electrical energy, delivered to the electricity grid and 
the market is proportional to the electrical power and the difference between the selling 
price of electrical energy and production cost of electrical energy: 

 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸(𝑡𝑡) �
€
ℎ
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𝑀𝑀𝑀𝑀ℎ
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�� (3.47) 

In the equation, CFEL represents corresponding financial flow or cash-flow, PGRID 
represents electrical power delivered to the grid according to the prescribed timetable, and 
PREL denotes (dynamic) price of electrical energy, which in general varies with time. 

Similarly, the income (financial flow) from the hydrogen delivered to the consumers can 
be calculated as: 

 𝐶𝐶𝐶𝐶𝐻𝐻2(𝑡𝑡) �
€
ℎ
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€
𝑘𝑘𝑘𝑘
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Here, (CFH2) represents cash flow, (QH2) represents hydrogen flow delivered to the 
consumers, and (PRH2) represents dynamic price of hydrogen, which can vary with time 
and market conditions. With a time integration of the financial flows over the desired time 
interval, the overall income [€] is calculated: 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐸𝐸𝐸𝐸 = � 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸(𝑡𝑡) ∙ 𝑑𝑑𝑑𝑑

𝑡𝑡2

𝑡𝑡1

 (3.49) 

 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2 = � 𝐶𝐶𝐶𝐶𝐻𝐻2(𝑡𝑡) ∙ 𝑑𝑑𝑑𝑑

𝑡𝑡2

𝑡𝑡1

 (3.50) 

 
Besides income, the system also generates costs, which can be grouped into the following 
two categories: 

• Investment costs (CapEx) of the hydrogen system; 
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• Operation costs (OpEx) of the hydrogen system. 

There are several ways to incorporate CapEx and OpEx costs into the economic model. 
The simplest way (but not the most realistic) is to assume that both CapEx and OpEx are 
evenly distributed over the lifetime of the system. This method does not consider the fact 
that the system wears out more during use than when it is idle, and that the wear and 
degradation costs are therefore higher during operation than during idle or switch off 
periods. Assuming an even distribution of costs over time, the financial flow from CapEx 
and OpEx can then be simply calculated as: 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �
€
ℎ
� =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶[€] + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂[€]
𝑡𝑡𝐿𝐿[ℎ] , (3.51) 

where (CFCOST) represents the financial flow or cash-flow due to costs, CapEx represents 
the total investment costs of hydrogen system, OpEx represents total operation costs 
during system’s lifetime (tL). In this case the CFCOST is a constant value over the entire 
lifetime of the system. 

The more realistic way is to consider the proposed RUL model presented in Section 3.5, 
which assumes that wear and degradation of the system increase with its actual usage, i.e., 
hydrogen-production power. However, to some extent, the system also degrades when it is 
not operating. This is due to various kinds of chemical degradation and overall ageing.  
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If in Figure 3.16 the bottom branch with gain gi is neglected, then integration operation 
in branches ga and ge are neutralised by the derivation operation of RUL and cost cash flow 
can be expressed by the following simplified equation: 
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An economic model is depicted in Figure 3.17.  
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The variables of the economic model are listed in Table 3.10. 

 

Figure 3.17: Structure of the economic model. 

Equation (3.53) 
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Table 3.10: Economic model’s variables. 

Input 
variables 

Description  Units 

PGRID Electrical power generated by HPP and PV and delivered 
to the grid according to the system operator’s requirements 
(timetable) 

MW 

PREL Selling price of electrical energy (e.g., 50 €/MWh)  €/MWh 
PCEL Production cost of electricity (e.g., 35 €/MWh) €/MWh 
QH2 Mass flow of generated hydrogen kg/h 
PRH2 Selling price of hydrogen (e.g., 8 €/kg) €/kg 
Output 
variables 

Description  Units 

CFEL Positive cash flow generated by selling electrical energy €/h 
IncomeEL Income generated by selling electrical energy € 
CFH2 Positive cash flow generated by selling hydrogen €/h 
IncomeH2 Income generated by selling hydrogen € 
CFCOST Negative cash flow incurred by hydrogen sys. CapEx and 

OpEx 
€/h 

Cost Cost incurred by hydrogen system CapEx and OpEx  € 
Parameters Description  Units 
CapEx Hydrogen system’s capital expenditure € 
OpEx Hydrogen system’s operation expenditure € 
tL Hydrogen system’s lifetime during continuous operation at 

nominal power 
h 

 

3.7 Control System 
A basic control system was developed to determine the available electrical power PGC for 
hydrogen generation and compression. The goal of the control system is twofold: 

1. To fulfil the demands for electrical energy generation, which is defined by the system 
operator’s timetable (electrical power vs. time); 

2. To fulfil the demands for hydrogen generation. 

To be able to fulfil the first goal, the electrical energy generation timetable must 
consider hydrogen generation. This means that the predicted available hydropower 
(proportional to the predicted water flow into accumulation) cannot be completely assigned 
for electrical power generation, but a certain part (e.g., a few %) must be assigned for 
hydrogen generation. Then, the control system determines the electrical power PGC for 
hydrogen generation and compression based on the water-accumulation state of charge 
SoCW (SoCW in our case means the available amount of water in the accumulation given 
in m3) and the pH2, which is the hydrogen pressure in the hydrogen-storage tank, as 
illustrated in Figure 3.18. 
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Figure 3.18: Control system. 

In general, the electrical power PGC is determined by Eq. (3.54): 

 𝑃𝑃𝐺𝐺𝐺𝐺 = 𝑓𝑓𝐿𝐿 ∙  𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀  (3.54) 

Here, fL is the load factor of the electrolyser and PMAX is the maximum power of the 
hydrogen system. The load factor depends on the current SoCW and pH2 according to the 
following logic: 

• fL increases with SoCW (if there is a significant amount of hydro energy stored in the 
accumulation, hydrogen production is increased), 

• fL decreases with pressure pH2 in the hydrogen-storage tank (if the amount of hydrogen 
in the storage tank is high, hydrogen-production rate is decreased). 

The described control law is formalised by the look-up table (Table 3.11). 

Table 3.11: Control system look-up table (fL as a function of SoCW and pH2). 

 SoCW ≤ 
0.1 

0.1 < SoCW 
≤ 0.25 

0.25 < SoCW 
≤ 0.65 

0.65 < SoCW 
< 0.85 

SoCW ≥ 
0.85 

pH2 ≤ 0.5 pH2_MAX 0 0.2 0.5 0.8 1 
0.5 pH2_MAX < pH2 < 
0.95 pH2_MAX 

0 0.2 0.5 0.8 1 

pH2 ≥ 0.95 pH2_MAX 0 0 0 0 0 
 

 
The thresholds in the look-up table are determined in a way that fL stays most of the 

time in the range where the electrolyser operates most efficiently. The hydrogen system 
shuts down (fL = 0) in cases of a very low water accumulation (SoCW ≤ 0.1) or when the 
hydrogen-storage tank is near full (pH2 ≥ 0.95 pH2_MAX). 

A list of control system input, output and internal variables is given in Table 3.12. 

Table 3.12: Control system’s variables. 

Input variables Description  Units 
SoCW State of charge of water accumulation 0…1 
pH2 Pressure in the hydrogen storage tank bar 
Output variables Description  Units 
PGC Electrical power of hydrogen generation and compression MW 
Internal variables Description  Units 
PMAX Maximum power of the electrolyser MW 
fL Current load factor of electrolyser 0…1 
pH2_MAX Maximum allowed pressure in hydrogen tank bar 

 

Eq. (3.54) 
Table 3.11 
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Due to measurement noise in the signals SoCW and pH2, the load factor fL can change 
frequently between two neighbouring values from Table 3.11. This causes frequent and 
significant changes of the electrolyser’s power, which leads to increased degradation. This 
can be prevented by applying low pass filters or hysteresis elements to the signals SoCW 
and pH2. 

3.8 Implementation of the Developed Model 
Figure 3.19 shows the implementation of the complete model, which is implemented in 
MATLAB/Simulink environment. 

The main inputs to the model are: 

• Electrical power demand according to the timetable (PTT_DEM), 

• Hydrogen demand (QH2_OUT_DEM), 

• Water inflow to the water accumulation (QIN), 

• Solar radiation (JS). 

The developed model enables: 

• Simulation of the case-study HPP and hydrogen system in various set-ups, 

• The collection of operating parameters (energy flows, mass flows, water accumulation 
level, pressure in hydrogen storage, hydrogen system efficiency, etc.),  

• An economic evaluation of the electrical energy and hydrogen production, while 
considering investment and operating costs for the necessary equipment. 
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Figure 3.19: Implementation of complete model. 
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Chapter 4 

4 Use of the Developed Process Model 
in Case-Study HPP 

This chapter describes the use of the developed process model and parameter identification 
for the selected case-study hydropower plant, upgraded with an actual photovoltaic field 
and simulated hydrogen system. 

In general, large systems can capture large amounts of energy, but most of the time 
they can be underutilised, resulting in high costs for hydrogen production and storage. It 
is therefore necessary to find a compromise, which cannot be calculated analytically due to 
the large number of design parameters and the complex dynamics of the elements of a 
hydrogen system. For proper sizing of the equipment, the following conditions must be 
taken into account: 

• costs of the components of a hydrogen system, in particular electrolyser and hydrogen 
storage, 

• available excess electricity, which is obtained either from the excess hydro energy 
and/or from the PV field, 

• selling price of hydrogen on the market,  

• predicted amount and dynamics of hydrogen consumption.  

The effects of proper sizing of a hydrogen system are reflected in: 

• hydrogen-production costs, 

• income from hydrogen production, 

• utilisation rate of the hydrogen system, 

• payback period of the hydrogen system. 

For adequate sizing of a hydrogen system, we developed a decision-support tool that 
considers the stated findings and gives a calculation of the relevant quantities according to 
the selected parameters of the hydrogen system. With this tool it is possible to optimise 
the selection of the hydrogen system’s components by considering the existing constraints. 
Through the simulation runs, we can to test the operating efficiency when varying different 
parameters (nominal power of the hydrogen system, volume and maximum pressure of the 
hydrogen storage tank, different constraints of electricity grids). The results of the 
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simulation study serve as a decision support for the possible investment in the hydrogen 
system. 

In developing the process model and decision support, we have considered (i) the 
technical characteristics and limitations of the individual components of the hydrogen 
system and (ii) the financial aspects of hydrogen CHP, as described in the following 
subsections. 

4.1 Case-Study HPP 
In general, hydropower plants can be constructed in a variety of sizes and with different 
characteristics. The following three categories can be considered as the main types of 
hydropower plants: 

Reservoir hydropower plants: Reservoir (storage) hydropower plants have the ability to 
store a large amount of water behind the dam. In this way, it is possible to de-couple the 
generation of electricity from water inflows. So, they effectively act as an electricity storage 
system. As with other hydropower systems, the amount of generated electricity is 
determined by the volume of water flow and the amount of available water net head.  

Pumped storage hydropower plants: Pumped storage hydropower schemes use off-peak 
electricity to pump water from a reservoir located after the tailrace to the top of the 
reservoir. In this way, the pumped storage hydropower plant can generate electricity at 
peak times.  

Run-of-river hydropower plants: Run-of-river hydropower plants have no or limited 
storage capacity behind the dam and power generation strongly depends on the river flow 
rate. Run-of-river hydropower plants with storage are said to have “pondage”. This allows 
short-term water storage (hourly or daily). Plants with a reservoir can regulate water flows 
to some extent and shift generation a few hours or more over the day to the period when 
it is most needed. This type of hydropower plant often occurs in a cascade, where the first 
power plant usually has a larger water accumulation, which is then used by the downstream 
hydropower plants. 

The case-study HPP is a conventional run-of-river type HPP with a low-capacity water 
reservoir (see Figure 4.1). The theoretical annual production of this particular HPP is 
around 415 GWh, while the actual average production power is around 168 GWh, when 
operating with average power of 20.03 MW, due to the limitations in seasonal river water 
flow (see Table 4.1). This particular HPP accounts for approximately one percent of 
Slovenia’s current annual electricity production. 

 

Figure 4.1: Case-study HPP [182]. 
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The main technical characteristics of the case-study HPP are given in Table 4.1. 

Table 4.1: Basic technical characteristics of the case-study HPP [182], [183], [184]. 

HPP data Values 
Number of generating units 3 
Turbine type Double-regulated vertical 

Kaplan turbine 
Installed plant capacity (PHPP)  47.4 MW (3 ∙ 15.8 MW)  
Rated plant discharge 500 m3/s 
HPP low-water point (hLWL) 139 m.a.s.l. 
Rated head (h)  14 m 
Average annual output  168 GWh 
Maximum upper water level (hUVL_MAX)  153 m.a.s.l. 
Maximum operating variation of water level (dMAX) 1.1 m 
Mean annual discharge  207 m3/s 
Reservoir capacity  19,300,000 m3 
Reservoir live storage (VACCUM_MAX) 3,400,000 m3 
Number of spillways 5 

 

 
For the modelling of the case-study reservoir, we used the developed model described 

in Section 3.2. We used the following reservoir and downstream parameters, see Table 4.2.  

Table 4.2: Reservoir and upstream characteristics. 

Reservoir data Values 
Water surface of the reservoir (AACCUM_MAX) 317 ha 
Total length of embankments 13.67 km 
Length of the river between the case-study HPP and the previous HPP 
in the chain upstream  

12.95 km 

Maximum width of the reservoir 680 m 
The length of deepening of the downstream riverbed 3000 m 
Total length of drainage channels 21.7 km 
Total capacity of the spillway  5000 m3/s 
Nominal water power 53.96 MW 
Average water power 22.34 MW 
Actual average electrical power 20.03 MW 
Capacity of usable water accumulation 101.92 MWh 

 

 
The case-study HPP is also upgraded with a PV field with a nominal power of 6 MW 

(see Figure 4.2), which is connected to the HPP via a cable line and it is treated as an 
additional (fourth) generator unit of the HPP. The PV field consists of 11,232 modules, 
the estimated annual production of electrical energy by the PV field is about 6.8 GWh. 
Part of this additional energy can be used for hydrogen production. 



66  Chapter 4. Use of the Developed Process Model in Case-Study HPP  

 

Figure 4.2: Case-study PV field [185]. 

4.2 Model Adjustment to Case-Study HPP 

4.2.1 Data Preparation and Analysis 
To test the developed model and for further experimentation, real data from the case-study 
HPP were acquired and transformed into a form suitable for use in the simulation 
environment. Key steps include collecting, cleaning and labelling the raw data in a form 
acceptable for further use. 

First, historical data from the HPP monitoring system were obtained. This data 
contains a lot of information about the internal processes, inputs and outputs of the 
considered HPP. From the more than 100 different variables recorded, we extracted only 
the data representative of the modelled process (such as water flows, electrical energy 
generation, set point (i.e., HPP timetable), water head and reservoir water level). 

Due to some inconsistencies and even missing real-time data, it was necessary to process 
them by the procedure with the following steps: 

• Generation of missing data (interpolation), 

• Data smoothing by filtering to remove noise, 

• Identification and removing of outliers and inconsistencies, 

• Resampling and synchronising the data obtained from different sources (e.g., from the 
upstream HPP in the chain), 

• Collecting all data in a single spreadsheet. 

The data about water inflow to the accumulation reservoir of the case-study HPP were 
not available. Instead, it was estimated from the outflow from the upstream HPP in the 
chain by the combination of time-delay and smoothing operations. The effects of water 
evaporation and precipitation in the area between upstream HPP and case-study HPP 
were taken into account. 
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Furthermore, uniformly sampled (equidistant) and time-adjusted data (time series) 
were prepared to run a simulation with any start date and duration. 

To evaluate the amount of additional electrical energy obtained from the PV field, 
which is coupled to the case-study HPP, historical solar irradiation data at the location of 
the PV field were obtained (see the PV model in Section 3.4). 

The entire data preparation was implemented in the MATLAB/Simulink programming 
environment. The sampling time of the input data and the calculation of the output data 
were unified and cover a continuous time frame of 30 minutes. The simulation is performed 
with a variable integration step and the integration method is automatically selected by 
the numerical method built in the MATLAB/Simulink.  

To estimate the annual distribution of HPP water flows we compare four important 
flows from the data spreadsheet: estimated inflow to the reservoir (QIN), estimated bypass 
flow of excess water from reservoir through spillways (QBP), estimated flow through three 
turbines necessary to generate electrical energy according to prescribed timetable (QTURB) 
and estimated outflow (QOUT), which is the sum of the bypass and the turbine flow. For 
annual flow regimes, see Figure 4.3 to Figure 4.6, which represent the situation for the 
observed year. 

 

Figure 4.3: Annual inflow (QIN). 
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Figure 4.4: Annual bypass flow (QBP). 

 

 

Figure 4.5: Annual flow through turbines (QTURB). 
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Figure 4.6: Annual outflow (QOUT). 

The annual dynamics of the HPP’s electrical energy production is shown in Figure 4.7. 
According to the timetable, the case-study HPP operates with an annual average power of 
20.03 MW. 

 

Figure 4.7: Annual HPP timetable (PTT_ACT). 

Another important information for further investigations is the change in water level 
of the reservoir (water denivelation). The annual denivelation (d) regime is shown in Figure 
4.8. During normal HPP operation, the maximum-allowed denivelation is 1.1 m. Therefore, 
the actual level varies between 153 and 151.9 m.a.s.l. In the first half of October, the 
denivelation increases (upper water level decreases) due to maintenance procedures.  
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Figure 4.8: HPP annual water reservoir denivelation (d). 

To verify the water mass balance Eq. (3.1) was used (see Section 3.2.1). The results are 
shown in Figure 4.9: 

• Upper graph: RES (absolute value), 

• Bottom graph: RES/Inflow (value relative to current value of inflow). 

Notice that some rarely observed peaks occur during bypass activation. The reason lies 
in the fact that the water-bypass data were available only on an 8-hour period, while the 
dataset used for the simulation is unified and covers a continuous time frame of 30 minutes. 
Therefore, due to the missing water-bypass data inside an 8-hour period we were unable 
to represent the real situation within a 30-minute period. 
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Figure 4.9: Residual time profile (RES). 

In addition, the root-mean-square (RMS) value of the RES was calculated, and it is 
15%, which is considered as acceptable. It should be taken into account that measurements 
of water flow and water level are either measured by sensors with limited accuracy or 
estimated.  

4.2.2 Upper-Water-Level Limitations 
In run-of-river HPPs, the predominant type of a dam design is a combination of a fixed 
spillway and slide gates, which are used to limit the maximum level in the reservoir. The 
slide gates limit the maximum level in the accumulation reservoir. In the particular case, 
the upper limit is set to 153 m for the input flow rates up to 800 m3/s. For the flow rates 
above 800 m3/s, the upper limit is reduced according to the operating curve presented in 
Figure 4.10 (red line). If the input flow (QIN) exceeds the flow through the turbines (QTURB), 
then the level in the reservoir increases. When the level reaches the upper limit, defined by 
the slide gates, then the water bypasses the turbine generator over the slide gates denoted 
by flowrate (QBP). In Figure 4.10, the red curve is the upper water-level limit, while blue 
dots represent the actual denivelation data over the period of 1 year by data sampling a 
time of 30 min. 

In cases where blue dots are above the  red denivelation curve, the water level exceeds 
the upper-level limitation and consequently the water flows over the slide gates (QBP). 

The determination of the operating curve depends on the operating mode of the HPP 
and on the requirements or conditions at points along the reservoir that need to be 
protected against flooding (so-called critical points). 



72  Chapter 4. Use of the Developed Process Model in Case-Study HPP  

 

Figure 4.10: Annual denivelation data and estimated operating curve for the case-study 
HPP’s inflow water data. 

4.2.3 Lower-Water-Level Estimation 
The lower water level (hLWL) was also obtained from the real data of the case-study HPP. 
A simple mathematical function was constructed that best fits a set of hLWL data points 
and approximated it with the following square-root function: 

 𝑦𝑦 = 𝑘𝑘 ∙ √𝑥𝑥 + 𝑛𝑛 (4.1) 

where the coefficients of the square root function are: k = 0.1753, n = 137.2170 and x are 
the hLWL data points. 

In the range of regular operation of the HPP between 0 and 500 m3/s water flow, there 
is a considerable deviation from the estimated curve at some operating points, with 
deviations up to ±1 m.a.s.l., see Figure 4.11. 
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Figure 4.11: The hLWL as a function of flow. 

In case we calculate the actual water head from the difference between upper and lower 
water levels, this can lead to a deviation between the actual water head and the calculated 
water head. As a result, we observed a deviation of the flow at the desired output of the 
HPP. Therefore, we need to evaluate and account for this error. In our case, we have 
limited the accumulation integral at the lower bound to 0 and estimated the deviation on 
an annual basis. 

From Figure 4.10 and Figure 4.11 it can be concluded that the actual water head of 
the case-study HPP is about 14 metres under normal operating conditions (i.e. at an 
average HPP output of 20.03 MW). This water head will decrease in the future as the 
construction of the next HPP in the chain is planned. 

4.2.4 The Operation of HPP Generators 
The case-study HPP can operate with three turbine-generators at the same time. Each 
generator has the same nominal electrical power and can be controlled individually in order 
to adjust the production of the HPP to the demands. During normal operation of the HPP, 
the load distribution of the HPP generators follows the regime described in Figure 4.12. 
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Figure 4.13 shows the actual operation of the three generators and confirms the load-
distribution principle shown in Figure 4.14.  

 

Figure 4.13: Electrical power production by generators G1, G2, G3. 

The operating time range per generator (tOP_GX) is shown in Figure 4.14. X represents 
the number of each generator from G1 to G3. 

 

Figure 4.12: Generators G1, G2, G3 start-up sequence. 
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Figure 4.14: Operation histogram of generators G1, G2, G3 in electrical power production. 

It can be seen that the three generators operate most of the time between 8 and 14 
MW. Generator G3 is the first and most used, since the majority of time the HPP operates 
below 20 MW. 

4.2.5 Simulated Hydrogen Consumption 
As today there is no explicit need for hydrogen production in the case-study HPP, the 
hydrogen consumption for our simulation runs needed to be presupposed. 

To position a hydrogen system in the case-study HPP environment for future useful 
operation, we considered some promising options: 

• City and/or intercity (long-distance) buses powered by hydrogen fuel cells. 

• Use of hydrogen in a nearby nuclear power plant, where the hydrogen is used to 
internally cool the plant's electricity generators. 

• Use of hydrogen for heating requirements in the nearby local community. 

For the case-study scenario, the first option was used (city buses), since city or intercity 
buses come very close to the ideal application for green hydrogen. This is because buses 
are only refuelled at one or a few dedicated refuelling stations, which greatly reduces the 
costs for the hydrogen-refuelling infrastructure. For economic reasons, city buses must run 
continuously, without long stops, so the possibility of quick refuelling is very important. 
Most importantly, vehicles running on green hydrogen have no emissions and produce 
much less noise than internal combustion engines running on hydrocarbons [186].  

A typical hydrogen-fuel-cell-powered bus of 12 m length has a hydrogen consumption 
of around 9 kg per 100 km [187], [188] and has a hydrogen-storage capacity between 35 
and 40 kg [189]. With an average driving distance of around 400 km per day, approximately 
40 kg of hydrogen is needed for one bus every day. A hydrogen system capable of producing 
up to 320 kg of green hydrogen per day would allow the refuelling of eight buses each day. 
Figure 4.15 shows the time profile of hydrogen consumption. It is assumed that all the 



76  Chapter 4. Use of the Developed Process Model in Case-Study HPP  

buses are refuelled in the period 6–10 am. This means that the total daily hydrogen 
consumption only occurs in this period, which is a greater challenge from the point of view 
of dimensioning the hydrogen system and operating its control system than in the case of 
a more even daily hydrogen consumption. 

 

Figure 4.15: Daily hydrogen demand profile. 
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Chapter 5 

5 Model Exploitation for Process 
Optimisation 

This chapter shows how the developed process model can be used and what benefits it 
brings. The general idea is to use the model as a support tool for the design of hydrogen 
systems, in particular for a hydrogen system in connection with a hydropower plant. The 
goal is to find the optimal parameters of the hydrogen system that lead to the most 
economical system. This is achieved by optimising the size of the system’s components to 
the minimum possible for the required operating parameters. This chapter is structured 
into three sections: 

• Section 5.1 shows how the model can be used to simulate and predict the results of the 
process operation for a given combination of process parameters. In this way, it is 
possible to estimate various cost functions or performance indicators, such as the 
amount of hydrogen produced, the income from the hydrogen produced and the 
electrical energy and many more. This allows a detailed evaluation of the technical and 
economic effects of the hydrogen system in the phase before the actual implementation. 

• Section 5.2 focuses on process optimisation. The simulation of the developed model 
enables an assessment of the optimal size of the hydrogen system’s elements and gives 
an economic effect for the cogeneration of electricity and hydrogen for the case-study 
HPP. In this case, the process is parametrised with a limited number of parameters 
(mostly sizes of the system components, the selling prices of hydrogen and the electrical 
energy or similar). The typical question is which combination of process parameters 
gives the best results. In this subsection, the problem is solved by simulating the process 
with all possible combinations of process parameters and finding the optimal 
combination(s). This approach leads to a high computational demand and long 
simulation times. 

• Section 5.3 introduces a particle swarm optimisation method to find the optimal process 
parameters. This is motivated by the need to shorten the simulation time, optimise a 
larger number of parameters and obtain more accurate results. Instead of simulating 
all the combinations of process parameters, the particle swarm algorithm applies a 
more advanced search procedure that finds the directions in the parameter space that 
are more likely to lead to optimal solutions. In addition, the optimised parameters are 
not changed in predefined discrete steps, but via adaptive steps, which leads to higher 
accuracy. 
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5.1 Model-Based System Simulator 
This subsection presents how the developed process model from Chapter 3 can be used to 
perform simulation experiments. One of the purposes is to perform a series of initial 
simulation experiments for model verification. The experiments are characterised by: 

• Parameters of the hydrogen system and the hydropower plant; 

• Inputs, such as time profiles of available hydro and solar power, demand and prices for 
electrical energy and hydrogen; 

• Simulation start and end times and dates, simulation interval (time step). 

During the initial verification of the developed model, the simulations of the annual 
electricity generation with the developed HPP model (see Figure 5.1) resulted in 175.5 
GWh/year, which corresponds to the actual amount of energy generated, see Table 4.1. 

 

Figure 5.1: Annual electrical energy generated by HPP (without inclusion of the PV 
field). 

If the 6 MW PV field is included in the electricity generation, 7645 MWh/year of 
additional electrical energy can be generated according to the developed PV model, see 
Figure 5.2 and Figure 5.3, for the annual and 10-day electrical power generation profiles. 
This means that the PV model result is also in accordance with the actual amount of 
expected energy production for the PV field, see Section 4.1.  

As the 6-MW PV field produces 7645 MWh/year of electrical energy, the same 
configuration of the proposed 1 MW hydrogen system results in a theoretical production 
of up to 152,900 kg/year of hydrogen according to the developed process model for an 
electrolysis electrical consumption of 50 kWh/kg of generated hydrogen without 
considering compression. 
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Figure 5.2: Annual electrical power generated by 6 MW PV field. 

 

 

Figure 5.3: Example of 10-day time profile for generated electrical power from a 6-MW PV 
field. 

Figure 5.4 shows that the total electrical energy generated by both the HPP and the 6-
MW PV field can then be increased to 183.1 GWh/year.  
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Figure 5.4: Comparison of the electrical energy generated by HPP and PV field. 

Since the HPP’s priority is to produce electricity according to the timetable, the 
production of hydrogen by exploiting some electrical energy from the PV field is only 
possible to a limited extent. To exploit the amount of excess energy in this case, the HPP 
can be upgraded with a properly sized hydrogen system.  

The simulation environment uses a complete model, which includes the HPP, PV field 
and hydrogen system. To get an insight into the actual amount of hydrogen potentially 
produced from the available hydro energy during 1 year, we observe the operation of a 1-
MW electrolyser and the amount of hydrogen produced in one year. 

The demand for hydrogen consumption was assumed to be up to 320 kg/day. 
For the hydrogen-storage tank, the following parameters were assumed: geometric 

volume of 30 m3 and maximum pressure of 350 bar.  
The electrolyser is controlled by the algorithm specified in Section 3.7. 
For the purpose of the simulations, the CapEx for the electrolyser system (CapExEL_SYS) 

is the same as described in Sections 1.2.5 and 1.2.6 with the annual OpEx estimated as 
5%. 

The CapEx value of the PV field (CapExPV) is estimated at 700,000 €/MW (i.e., the 
cost of the PV field per 1 MW of its nominal power), and the annual OpEx is estimated 
as 2% of PV CapEx.  

The CapEx value of the storage tank (CapExH2_STOR) is estimated at 20,000 €/m3 (i.e., 
the cost of the tank per 1 m3 of storage capacity), and the annual OpEx is estimated as 
2% of the storage tank CapEx.  

Taking into account the above CapEx, OpEx and system operating costs we considered 
several simulation scenarios and observed the impact on the overall hydrogen production. 
The scenarios are distinguished according to different sources of electrical power for 
hydrogen generation and compression: 

1. HPP operation without hydrogen system (no hydrogen generation). 

2. Electrical power generated by HPP using excess hydro energy. 

3. Electrical power generated by HPP obtained by reducing the timetable for e.g., 5%. 
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4. Electrical power from 6-MW PV (all generated power). 

5. Combination of cases 3 and 4. 

These scenarios can be represented by the following table: 

Table 5.1: Different sources of electrical energy for hydrogen production and 
compression. 

 Energy source for hydrogen production 
 HPP 

Excess 
hydropower 

HPP 
5 % timetable 

reduction 

PV 
All generated 

power 
Scenario 1    
Scenario 2    
Scenario 3    
Scenario 4    

Scenario 5    
 

5.1.1 Scenario 1 
The Scenario 1 simulation experiment assumes HPP operation without the hydrogen 
system. Figure 5.5: shows a) the annual water inflow (QIN), the turbine flow (QTURB) and 
the bypass flow (QBP), b) the upper water level (hUWL), and c) the operating power of the 
HPP according to the prescribed timetable (PTT_ACT). 

 

Figure 5.5: Annual HPP’s operation. 
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Table 5.2 shows the summarised annual quantities of the HPP’s water-regime 
conditions, the total amount of electrical energy produced and the resulting annual income. 

Table 5.2: Cumulative annual HPP’s operation data. 

Parameter Value Unit 
Total amount of water entering the accumulation (VIN) 6.5661e+09 m3/y 
Total amount of water passing through turbine (VTURB) 5.4279e+09 m3/y 
Total amount of water passing through bypass (VBP) 1.1488e+09 m3/y 
Total amount of generated electrical energy (EGRID) 1.7544e+05 MWh/y 
The difference between selling price and production cost of 
electricity (SPEL – PCEL) 

15 €/MWh 

Total amount of lost hydropower through bypass (EBP) 3.1843e+04 MWh/y 
Total income from electrical energy delivered to the grid 
(IncomeEL) 

2.6316e+06 €/y 

 

 
Figure 5.6 shows the operation of the hydrogen system: a) operating power of the 

electrolyser (PGC), b) inflow (QH2) and outflow (QH2_OUT_ACT) from the hydrogen-storage 
tank, c) mass of the stored hydrogen (mH2), d) pressure in the storage tank (pH2). At the 
beginning of the simulation run, the annual hydrogen consumption is around 440 kg. This 
result is obtained because the model assumes that the hydrogen storage tank is 50% full 
at the start of the simulation. Thereafter, all values are constant throughout the year, as 
there is no excess of electrical energy and the hydrogen system is excluded.  

  

Figure 5.6: Annual hydrogen system’s operation. 

Table 5.3 shows the summarised annual quantities of the hydrogen system. 
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Table 5.3: Cumulative annual hydrogen system’s operation data. 

Parameter Value Unit 
Total amount of electrical energy consumed for hydrogen 
generation (electrolysis + compression)  

0 MWh/y 

Total amount of electrical energy lost during electrolysis 
and compression  

0 MWh/y 

Total amount of produced hydrogen 0 kg/y 
Total amount of consumed hydrogen (consumers) 439.6980 kg/y 
Hydrogen selling price (SPH2) 8 €/kg 
Total income from produced hydrogen –6.7267e+05 €/y 
Total system operation costs (operCosts) 6.7267e+05 €/y 

 

 

5.1.2 Scenario 2 
The Scenario 2 simulation assumes that the electrical energy for the operation of the 
hydrogen system comes only from excess hydropower inflow to the HPP.  

  

Figure 5.7: Annual HPP’s operation 

Table 5.4 shows the summarised annual quantities of the HPP’s water-regime 
conditions, the total amount of electrical energy produced and the resulting annual income.  
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Table 5.4: Cumulative annual HPP’s operation data. 

Parameter Value Unit 
Total amount of water entering the accumulation (VIN) 6.5661e+09 m3/y 
Total amount of water passing through turbine (VTURB) 5.7792e+09 m3/y 
Total amount of water passing through bypass (VBP) 9.7425e+08 m3/y 
Total amount of generated electrical energy (EGRID) 1.7544e+05 MWh/y 
The difference between selling price and production cost of 
electricity (SPEL – PCEL) 

15 €/MWh 

Total amount of lost hydropower through bypass (EBP) 2.5769e+04 MWh/y 
Total income from electrical energy delivered to the grid 
(IncomeEL) 

2.6316e+06 €/y 

 

 
Figure 5.8 shows the operation of the hydrogen system.  

 

Figure 5.8: Annual hydrogen system’s operation. 

In Figure 5.8 / Figure 5.9, b) we can see that the outflow from the hydrogen tank, in 
general, follows a predefined hydrogen consumption, see Figure 4.15, except for the case 
when the hydrogen tank is empty. In this case there is no outflow from the tank. 
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Figure 5.9: Daily hydrogen system’s operation (10 days). 

Table 5.5 shows the summarised annual quantities of the hydrogen system. 

Table 5.5: Cumulative annual hydrogen system’s operating data. 

Parameter Value Unit 
Total amount of electrical energy consumed for hydrogen 
generation (electrolysis + compression) 

5.2494e+03 MWh/y 

Total amount of electrical energy lost during electrolysis and 
compression 

1.5561e+03 MWh/y 

Total amount of produced hydrogen 93,729 kg/y 
Total amount of consumed hydrogen (consumers) 93,975 kg/y 
Hydrogen selling price (SPH2) 8 €/kg 
Total income from produced hydrogen 7.7169e+04 €/y 
Total system operation costs (operCosts) 6.7267e+05 €/y 

 

 
Hydrogen demand (QH2_OUT_DEM = 320 kg/day) cannot be completely fulfilled.  

• This is visible from the fact that the hydrogen tank occasionally reaches the empty state 
and, during these events, actual hydrogen supply does not meet the demands. 

• The demand of 320 kg/day leads to annual hydrogen amount 116,800 kg. From Table 
5.5 it follows that the total amount of produced hydrogen is 93,824 kg, which means 
that the demand is 80.3% fulfilled. 
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5.1.3 Scenario 3 
The Scenario 3 simulation assumes the hydrogen production using an additional electrical 
power due to a 5% reduction of the hydropower plant timetable.  

 

Figure 5.10: Annual HPP’s operation. 

Table 5.6 shows the summarised annual quantities of the HPP’s water-regime 
conditions, the total amount of electrical energy produced and the resulting annual income. 

Table 5.6: Cumulative annual HPP’s operation data. 

Parameter Value Unit 
Total amount of water entering the accumulation (VIN) 6.5661e+09 m3/y 
Total amount of water passing through turbine (VTURB) 5.3461e+09 m3/y 
Total amount of water passing through bypass (VBP) 1.2456e+09 m3/y 
Total amount of generated electrical energy (EGRID) 1.6667e+05 MWh/y 
The difference between selling price and production cost of 
electricity (SPEL – PCEL) 

15 €/MWh 

Total amount of lost hydropower through bypass (EBP) 3.5003e+04 MWh/y 
Total income from electrical energy delivered to the grid 
(IncomeEL) 

2.5000e+06 €/y 

 

 
Figure 5.11 shows the operation of the hydrogen system.  
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Figure 5.11: Annual hydrogen system’s operation. 

Table 5.7 shows the summarised annual quantities of the hydrogen system. 

Table 5.7: Cumulative annual hydrogen system’s operating data. 

Parameter Value Unit 
Total amount of electrical energy consumed for hydrogen 
generation (electrolysis + compression) 

6.3763e+03 MWh/y 

Total amount of electrical energy lost during electrolysis and 
compression 

1.9088e+03 MWh/y 

Total amount of produced hydrogen 113,324 kg/y 
Total amount of consumed hydrogen (consumers) 113,325 kg/y 
Hydrogen selling price (SPH2) 8 €/kg 
Total income from produced hydrogen 2.3329e+05 €/y 
Total system operating costs (operCosts) 6.7267e+05 €/y 

 

 
In this scenario, the hydrogen demand is almost completely fulfilled. One can see that the 
amount of hydrogen in the tank varies between 200 and 420 kg, which means that the tank 
is almost never empty and the hydrogen demand can therefore almost always be fulfilled. 
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5.1.4 Scenario 4 
The Scenario 4 simulation experiment assumes the hydrogen production using only the 
existing water surplus and additional electrical power from a 6-MW PV field. 

 

Figure 5.12: Annual HPP’s operation and PV field power generation. 

Table 5.8 shows the summarised annual quantities of the HPP’s water-regime 
conditions, the total amount of electrical energy produced and the resulting annual income. 

Table 5.8: Cumulative annual HPP’s operating data. 

Parameter Value Unit 
Total amount of water entering the accumulation (VIN) 6.5661e+09 m3/y 
Total amount of water passing through turbine (VTURB) 5.4301e+09 m3/y 
Total amount of water passing through bypass (VBP) 1.1657e+09 m3/y 
Total amount of generated electrical energy (EGRID) 1.8309e+05 MWh/y 
The difference between selling price and production cost of 
electricity (SPEL – PCEL) 

15 €/MWh 

Total amount of lost hydropower through bypass (EBP) 3.2705e+04 MWh/y 
Total income from electrical energy delivered to the grid 
(IncomeEL) 

2.6316e+06 €/y 

 

 
Figure 5.13 shows the operation of the hydrogen system.  
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Figure 5.13: Annual hydrogen system’s operation. 

Table 5.9 shows the summarised annual quantities of the hydrogen system. 

Table 5.9: Cumulative annual hydrogen system operating data. 

Parameter Value Unit 
Total amount of electrical energy consumed for hydrogen 
generation (electrolysis + compression) 

6.3829e+03 MWh/y 

Total amount of electrical energy lost during electrolysis and 
compression 

1.9089e+03 MWh/y 

Total amount of produced hydrogen 113,290 kg/y 
Total amount of consumed hydrogen (consumers) 113,300 kg/y 
Hydrogen selling price (SPH2) 8 €/kg 
Total income from produced hydrogen 2.3365e+05 €/y 
Total system operating costs (operCosts) 6.7267e+05 €/y 
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5.1.5 Scenario 5 
The Scenario 5 simulation experiment assumes the hydrogen production using an additional 
5% of electrical energy due to the prescribed timetable and additional electrical power from 
a 6-MW PV field. 

 

Figure 5.14: Annual HPP’s operation and PV field power generation. 

Table 5.10 shows the summarised annual quantities of the HPP’s water-regime 
conditions, the total amount of electrical energy produced and the resulting annual income. 

Table 5.10: Cumulative annual HPP’s operating data. 

Parameter Value Unit 
Total amount of water entering the accumulation (VIN) 6.5661e+09 m3/y 
Total amount of water passing through turbine (VTURB) 5.0691e+09 m3/y 
Total amount of water passing through bypass (VBP) 1.5013e+09 m3/y 
Total amount of generated electrical energy (EGRID) 1.7431e+05 MWh/y 
The difference between selling price and production cost of 
electricity (SPEL – PCEL) 

15 €/MWh 

Total amount of lost hydropower through bypass (EBP) 4.4370e+04 MWh/y 
Total income from electrical energy delivered to the grid 
(IncomeEL) 

2.5000e+06 €/y 

 

 
Figure 5.15 shows the operation of the hydrogen system.  
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Figure 5.15: Annual hydrogen system’s operation. 

Table 5.11 shows the summarised annual quantities of the hydrogen system. 

Table 5.11: Cumulative annual hydrogen system’s operating data. 

Parameter Value Unit 
Total amount of electrical energy consumed for hydrogen 
generation (electrolysis + compression) 

6.5687e+03 MWh/y 

Total amount of electrical energy lost during electrolysis and 
compression 

1.9740e+03 MWh/y 

Total amount of produced hydrogen 116,610 kg/y 
Total amount of consumed hydrogen (consumers) 116,620 kg/y 
Hydrogen selling price (SPH2) 8 €/kg 
Total income from produced hydrogen 2.6022e+05 €/y 
Total system operating costs (operCosts) 6.7267e+05 €/y 

 

 

5.2 Hydrogen-System-Configuration Explorer 
This section is focused on the simulation-based exploring and optimising of the system 
parameters, i.e., optimal sizing and parametrisation of the hydrogen system and the 
photovoltaic power plant. The goal is to find the set of system parameters, that provide 
the best result according to a selected criterion function (CF). In general, the criterion 
function can be one of the typical key performance indicators (KPIs), such as: profitability, 
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total amount of produced hydrogen, hydrogen-production cost, hydrogen system utilisation 
rate, etc.  

For this purpose, the Hydrogen-System-Configuration Explorer was designed, 
and represents an important decision-support tool that assists the design and optimal sizing 
of the system before its actual implementation. The idea and principle are represented in 
Figure 5.16: 

 

Figure 5.16: Hydrogen-System-Configuration Explorer. 

The key idea is to use “exhaustive”, also called “brute force”, optimisation. This means 
that the system parameters that are the subject of optimisation are defined and then the 
system is simulated at all possible combinations of the system’s parameters. During each 
simulation run, a set of criterion functions is calculated.  

The developed Hydrogen-System-Configuration Explorer supports a sensitivity analysis, 
which shows how much and in which way and direction a particular optimised parameter 
affects the selected criterion function. The Hydrogen-System-Configuration Explorer uses 
two key features, which are crucial for an efficient and rapid sensitivity analysis: 

• Database of performed simulation experiments and belonging criterion functions, 
evaluated during each simulation run. Thanks to the database of performed 
experiments, a quick overview of different parameter combinations is possible, without 
the need for an online simulation, which can be time consuming. 

• A graphical user interface (GUI) provides the possibility for a graphical representation 
of the dependence between the selected criterion function and optimised system 
parameters. This makes the sensitivity analysis very transparent, didactic and intuitive. 

Among the complete set of system parameters, few (in this case 3 parameters) are the 
subject of change and optimisation, and they are listed in Table 5.12. In Figure 5.16, they 
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are denoted as Ops, i.e., optimised parameters. For each parameter, a value range is 
defined. OPs are adjusted step-wise according to the set of values, defined in Table 5.12.  

Table 5.12: Parameters that are the subject of optimisation.  

Parameter Description  Unit Set of values 
OP1: 
PEL_SYS 

Nominal power of the 
hydrogen system 

MW [0.25 0.50 0.75 1.0 1.25 1.5] 

OP2: 
PPV_INST 

Nominal power of the 
photovoltaic field 

MW [0 1 2 3 4 5 6] 

OP3: 
VGEO 

Volume of the hydrogen 
storage tank 

m3 [10 20 30 40 50 60 70 80] 

 

 
Beside optimised parameters (OP1, OP2 and OP3), the hydrogen demand 

(QH2_OUT_DEM), expressed in [kg/day], is also varied according to the following predefined 
values: 

Table 5.13: Hydrogen demand.  

Parameter Description  Unit Set of values 
QH2_OUT_DEM Assumed hydrogen 

consumption 
kg/day [80 160 240 320 400 480 560 640] 

 

 
The numbers of members in the sets OP1, OP2, and OP3 are 6, 7 and 8, respectively, 

and 8 in the set QH2_OUT_DEM. The simulation run is performed for each combination of 
values for the optimisation parameters and hydrogen demand, which gives in total 6 ∙ 7 ∙ 
8 ∙ 8 = 2688 combinations and the corresponding simulation runs. By varying more 
parameters, the number of combinations increases progressively, which leads to increased 
computational burden and possibly also an unpractically long total simulation time. 

The other parameters that are not the subject of the optimisation are set to fixed, 
predefined values and are listed in Table 5.14 and denoted as “fixed parameters” in Figure 
5.16.   

The results of each simulation run are: 

• Time profiles of all process variables (mass-flow rates, energy flows, financial flows); 

• Criterion functions calculated during or after each simulation run on the basis of the 
process variables. Several different criterion functions are calculated in each simulation 
run: the amount of hydrogen produced (mH2_PROD), the hydrogen-production costs 
(PCH2), the utilisation rate of the hydrogen system (c) and the income from hydrogen 
production (IncomeH2).  

Finally, a MATLAB script (multiSim_script, [190]) was created to insert parameters 
and run a 1-year simulation based on real data.  

We used the MATLAB function “parsim” in the script, as it is useful to simulate a 
dynamic system multiple times in parallel.  

The results are saved as a table size of 2688 ∙ 13, see Table 5.14.  
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Table 5.14: Variables in the simulation result table (simRes).  

N° Name MATLAB name Description Unit 
1 PPV_INST PV Nominal power of the photovoltaic field MW 
2 PEL_SYS P2G Nominal power of the hydrogen system MW 
3 VGEO H2st Volume of the hydrogen storage tank m3 
4 QH2_OUT_DEM H2_cons Assumed hydrogen consumption per 

day 
kg/d 

5 SPH2 H2 sell price Selling price of hydrogen €/kg 
6 time simDays Duration of the simulation in days d 
7 mH2_PROD H2_prod Annual hydrogen production kg/y 
8 PCH2 H2prodCost hydrogen maximum production flow  €/kg 
9 c P2G_util Compression factor - 
10 IncomeH2 H2Income Maximum hydrogen storage capacity €/y 
11 CapExPV cpx_PV CapEx of the PV filed € 
12 CapExEL_SYS cpx_P2G CapEx of the electrolyser system € 
12 CapExH2_STOR cpx_H2st CapEx of hydrogen storage € 
14 CapEx CapEx Total hydrogen system CapEx € 

 

 
In the table above, variables 1–3 represent the optimisation parameters (current values 

of the respective simulation run). Variables 7–10 represent the results of the various criteria 
functions of the respective simulation run. Variables 11–14 represent the financial 
parameters of the hydrogen and photovoltaic equipment. Parameters 4 and 5 provide 
information about the assumed hydrogen demand and the duration of the respective 
simulation run. 

To graphically present the simulation results and to be able to manually determine the 
optimal system configuration, a graphic user interface (GUI) was designed using MATLAB 
application designer (plotApp, [190]). This interactive GUI application graphically presents 
the selected criterion variable (CV) as a function of the parameters that are the subject of 
the optimisation (Table 5.15). The following criterion functions can be presented, 
depending on the user’s preference. 

An additional function was added in the GUI script to calculate the payback period 
(PBP) of the investment in the hydrogen system. The PBP values were calculated offline 
for all simulations performed based on Eq. (5.1), 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆

(𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑆𝑆𝑆𝑆)
 (5.1) 

where IncomeH2 represents the annual income from hydrogen production. 
The developed GUI offers an insight into the simulation results of all combinations of 

optimised parameters. The user can select the desired variable for criterion variable (plot 
variable in the GUI) and a so-called slider variable which can be assigned to one of the 
three optimised parameters: PV (=PPV_INST), P2G (=PEL_SYS), or H2st (=VGEO). The results 
can then be observed in the form of various 3D or 2D diagrams. The slider allows adjusting 
the value of the selected variable, which can be one of the following three: 1) nominal 
power of the photovoltaic field (PPV_INST), 2) nominal power of the electrolyser (PEL_SYS), 
and 3) hydrogen storage volume (VGEO). Again, different variable names are used in the 
GUI; therefore, see Table 5.15 for a translation between GUI and model variables. 
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In the next subsections (5.2.1–5.2.4), several operating cases are simulated. Each case 
illustrates the effects of the particular variable.  

Table 5.15: Variable’s translation table.  

Criterion function Name GUI name Units 
Production cost of hydrogen PCH2 H2prodCost €/kg 
Income from hydrogen production IncomeH2 H2Income €/y 
Hydrogen system utilisation rate c P2Gutil - 
Hydrogen system payback period PBP PBP y 
Monthly/annual mass of produced hydrogen mH2_PROD H2_prod kg/y 
Parameters – subject of optimisation Name GUI name Units 
Installed power of PV field PPV_INST PV MW 
Installed power of hydrogen system PEL_SYS P2G MW 
Geometrical volume of hydrogen-storage tank VGEO H2st m3 
Other parameters shown on GUI Name GUI name Units 
Hydrogen demand QH2_OUT_DEM H2 cons max kg/d 
Hydrogen selling price SPH2 H2 sell price €/kg 

 

 

5.2.1 Sizing of a Hydrogen System for the Case-Study HPP 
To demonstrate the benefit of the developed Hydrogen-System-Configuration Explorer, 
simulations of hydrogen and electrical power cogeneration in the case-study HPP were 
performed and the results were observed. 

The simulations help to determine the optimal parameters for the hydrogen system 
according the relevant operating parameters. The simulation results thus help to define the 
optimal size of the equipment (system components). In the simulations, the following 
assumptions and limitations were considered:  

• The operation of the hydropower plant must fulfil the prescribed timetable of the supply 
of electrical power to the grid; 

• Only the surplus hydro energy and the electrical energy generated by the PV field can 
be used for the production of hydrogen;  

• The required hydrogen production is moderate and limited to 320 kg/day; 

• The price of surplus electrical power generated from excess hydropower, which cannot 
be accepted by the grid, is considered zero. 

• The price of electrical power generated that could be delivered to the grid, but is utilised 
for hydrogen production, is considered to be 38 €/MWh. 

• The costs of electrical energy generated by the PV is taken into account by considering 
the CapEx and OpEx of the PV field. 

• The RUL is evaluated but it is not considered over a period of 1 year of simulations, 
as its impact is negligible. 

The case-study HPP operates continuously, so the duration of a simulation time to 
optimise the hydrogen system’s parameters must be a whole year. In the course of the year, 
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there are significant deviations in the water inflow, so we considered the sizing of the 
hydrogen system in January and November as interesting to show the difference in the 
operation of the hydrogen system during these two particular months. 

The following scenarios are presented by GUI, see Table 5.16. 

Table 5.16: List of operating cases presented using GUI.  

Scenario PPV_INST  
[MW] 

Period 

Scenario 1 0 January 
Scenario 2 6 January 
Scenario 3 0 November 
Scenario 4 6 November 
Scenario 5 0 Annual  
Scenario 6 6 Annual  
Scenario 7 0 Annual (reduced CapEx) 
Scenario 8 6 Annual (reduced CapEx) 

 

For each scenario, the following values are evaluated: IncomeH2 [€], mH2 [kg], PCH2 
[€/kg], c [%], see Sections 5.2.2 – 5.2.3. 

5.2.2 Monthly Simulations 
As already mentioned, operating conditions strongly depend on the time of the year. For 
this reason, the month of January was chosen first, since there is little surplus hydropower 
available for hydrogen production in this period of the year. In the second experimental 
case, the month of November was chosen, because there is more surplus of hydropower 
available due to the increased water inflow in the HPP (longer periods of rain). 

In both experimental cases, two subcases were simulated, one without the PV field and 
the other with the PV field with a nominal power of 6 MW. Also, for both experimental 
cases, the first criterion is the maximum hydrogen income (IncomeH2). Other parameters 
were as follows: the hydrogen consumption (QH2_OUT_DEM) up to 320 kg/day and the 
hydrogen selling price (SPH2) is 8 €/kg. The following conditions are assumed for hydrogen 
production [kg/d]: the market can accept up to 320 kg/d, but there are no penalties if a 
lower amount of hydrogen is generated per day. 

5.2.2.1 Simulation Results, January 

Figure 5.17 shows the initial simulation results displayed in the GUI. We can see that the 
maximum monthly income in January, when PPV_INST = 0 MW, can be obtained with a 
0.75-MW hydrogen system and a 20 m3 storage tank. The assumed hydrogen selling price 
is 8 €/kg.  

The resulting income can be as high as 16,269.4 €/month. But in some system 
configurations, the income can even be negative. 
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Figure 5.17: Proposed system configuration for maximum income from hydrogen 
production in January. 

Please note that the resulting hydrogen income graphs are shown both in 3D and 2D, 
as some results are more easily visible in a 2D graph. As there are a lot of figures in this 
section, all other results are only shown in 3D form. 

The chosen hydrogen system configuration results in the amount of total hydrogen 
production in January (without the additional electrical energy from the photovoltaic field, 
i.e., PPV_INST = 0 MW) of 4631.16 kg/month, see Figure 5.18. This hydrogen production is 
only at the expense of the surplus of the water reserve in the accumulation and does not 
affect regular electrical energy production due to the timetable. 

The chosen hydrogen-system configuration results in the amount of total hydrogen 
production in January (without the additional electrical energy from the photovoltaic field, 
i.e., PV = 0 MW) of 4631.16 kg/month, see Figure 5.18. This hydrogen is produced using 
only the excess hydropower and does not affect the timetable of supply of electrical energy 
to the grid. 

 

Figure 5.18: Quantity of hydrogen produced in January. 
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With the same system setup, the production costs of hydrogen were explored. Figure 
5.19 shows an example of the representation of the production price of hydrogen in GUI, 
expressed in €/kg, depending on the installed power of the hydrogen system and the size 
of the storage tank, for a system without a PV field (PPV_INST = 0) and for the assumed 
periodic consumption of hydrogen up to 320 kg/day. Note that the hydrogen selling price 
slider is inactive in this case. 

The production costs for hydrogen (PCH2) for the chosen system and an assumed 
hydrogen demand of up to 320 kg/day are around 4.49 €/kg, see Figure 5.19.  

 

Figure 5.19: Production costs of hydrogen in January with a 0.75-MW hydrogen system, 
a 20 m3 hydrogen-storage tank and a hydrogen demand up to 320 kg per day. 

Furthermore, the developed GUI can be used as an estimator for the utilisation rate of 
the hydrogen system in various configurations, see Figure 5.20. 

 

Figure 5.20: Hydrogen-system utilisation rate in January. 

In this case, the 0.75-MW electrolyser utilisation rate is around 45%. It can be seen 
that a smaller hydrogen system increases the hydrogen-system utilisation rate due to low 
daily hydrogen consumption up to 320 kg/day. Also, the increasing size of the hydrogen 
storage does not make sense. If the consumption increases, then it is a question of 
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optimisation as to which subsystem size is more worthwhile. The operation of the 
electrolyser can be seen in Figure 5.21. In this setup, the electrolyser is underutilised. 

 

Figure 5.21: Hydrogen system operation in January. 

In the next step, the nominal power of the PV field was increased from zero to 6 MW 
and the income was evaluated, see Figure 5.22. It follows that the hydrogen system with a 
0.75-MW electrolyser and 20 m3 hydrogen storage cannot be profitable in any case, because 
the relatively small hydrogen system cannot produce enough hydrogen to cover the 
investment in a large PV field. The income for the proposed system setup is negative. In 
this system setup, losses of –3341.84 €/month or more are being generated. In nearly all 
system configurations, the income is negative. 

 

 

Figure 5.22: Income in January after the inclusion of 6-MW PV field. 

The total hydrogen production in this case is 6044.14 kg/month, see Figure 5.18,  
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Figure 5.23: Monthly hydrogen mass produced in January. 

and the production costs for hydrogen (PCH2) for the chosen system and an assumed 
hydrogen demand of up to 320 kg/day are around 8.55 €/kg. 

 

Figure 5.24: Hydrogen-production costs in January after the inclusion of 6-MW PV field. 

By increasing the PV field to 6 MW, the utilisation rate of the electrolyser is increased 
to around 59%, see Figure 5.25. This is because the additional surplus of electrical energy 
is produced by adding a 6-MW PV field to the system setup. 
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Figure 5.25: Hydrogen system utilisation rate in January after the inclusion of 6-MW PV 
field. 

The operation of the electrolyser can be seen in Figure 5.26. 

 

Figure 5.26: Hydrogen system operation in January after the inclusion of 6-MW PV field. 

5.2.2.2 Simulation Results, November 

The same evaluation procedure for the hydrogen system was followed as in January, but 
now the month of November has been chosen, because there is a lot of surplus hydro energy 
due to the increased water inflow in the HPP (longer period of rain). Figure 5.27 shows 
the simulation results. The maximum income in November without a PV field can be 
obtained with a 0.75-MW hydrogen system and a 20 m3 storage tank for the assumed 
periodic consumption of hydrogen up to 320 kg/day and a hydrogen selling price of 8 €/kg. 
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The resulting income can be as high as 52,651.5 €/month. In this case, the income is 
positive in all system configurations. 

 

Figure 5.27: Proposed system configuration for maximum income from hydrogen 
production in November. 

The chosen hydrogen-system configuration results in a total hydrogen production in 
January (without the additional electrical energy from the photovoltaic field, i.e., PPV_INST 
= 0 MW) of 9095.13 kg/month, see Figure 5.28. This hydrogen production is only at the 
expense of the surplus of the water reserve in the accumulation and does not affect regular 
electrical energy production due to the timetable.  

 

Figure 5.28: Monthly hydrogen quantity produced in November. 

With the same system setup, the production costs of hydrogen were explored. Figure 
5.29 shows an example of the representation of the production price of hydrogen in the 
GUI, expressed in €/kg, depending on the installed power of the hydrogen system and the 
size of the storage tank, for a system without a PV field (PPV_INST = 0 MW) and for the 
assumed periodic consumption of hydrogen up to 320 kg/day. Note again that the 
hydrogen-selling-price slider is inactive in this case. The production costs for hydrogen 
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(PCH2) for the chosen system and an assumed hydrogen demand of up to 320 kg/day are 
around 2.21 €/kg.  

 

Figure 5.29: Production costs of hydrogen for November with a 0.75-MW hydrogen system 
and 20 m3 hydrogen-storage tank. 

Furthermore, the developed GUI was used as an estimator for the utilisation rate of 
the hydrogen system in various configurations, see Figure 5.30. 

 

Figure 5.30: Hydrogen-system utilisation rate in November. 

The 0.75-MW electrolyser utilisation rate is around 92%. In this case, we see that a 
smaller hydrogen system increases its utilisation rate due to predefined daily hydrogen 
consumption up to 320 kg/day. Also, the increasing size of the hydrogen storage does not 
make sense. If the consumption increases, then it is a question of optimisation regarding 
which subsystem size is more worthwhile. The operation of the electrolyser can be seen in 
Figure 5.31. 
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Figure 5.31: Hydrogen system’s operation in November. 

The income from hydrogen production with a configuration that includes the PV field 
with a nominal capacity of 6 MW is depicted in Figure 5.32. The hydrogen system with a 
0.75-MW electrolyser and 20 m3 hydrogen storage is only profitable in certain cases, because 
the relatively small hydrogen system cannot produce enough hydrogen to cover the 
investment in a large PV field. Further tests carried out with the Simulink model show 
that an income of 25,774.9 €/month is generated. In some system configurations, income 
is again negative. 

 

 

Figure 5.32: Income in November after the inclusion of 6-MW PV field. 

Further simulations carried out in Simulink give us a total hydrogen production of 
9475.29 kg/month  
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Figure 5.33: Monthly hydrogen quantity produced in November. 

and the production costs for hydrogen (PCH2) for the chosen system and an assumed 
hydrogen demand of up to 320 kg/day are around 5.28 €/kg, see Figure 5.34. 

 

Figure 5.34: Hydrogen production cost in November after the inclusion of 6-MW PV field. 

By further increasing the PV field to 6 MW it is possible to increase the utilisation rate 
of the electrolyser to around 95%, see Figure 5.35. 
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Figure 5.35: Hydrogen system’s utilisation rate in November after the inclusion of 6-MW 
PV field. 

The operation of the electrolyser can be observed in Figure 5.36. 

 

Figure 5.36: Hydrogen system’s operation in November after the inclusion of 6 MW PV 
field. 

5.2.3 Annual Simulations 
From the above sections we can see that there are significant differences when operating 
in particular months, which can affect the justification of the investment in the hydrogen 
system. To get a clear and complete picture of the hydrogen system’s operation, a 
simulation must be performed for the period of 1 year. 
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5.2.3.1 Simulation Results, Annual 

The same procedure has been followed as in January and November, but this time for the 
period of 1 year. Figure 5.37 and Figure 5.38 show the simulation results. The maximum 
annual income, when PPV_INST = 0 MW, can be obtained with a 0.75-MW hydrogen system 
and a 20 m3 storage tank for the assumed periodic consumption of hydrogen up to 320 
kg/day and a hydrogen selling price of 8 €/kg. The resulting income can be as high as 
444,042 €/year. 

 

Figure 5.37: Proposed system configuration for maximum annual income from hydrogen 
production. 

If the equipment is inappropriately dimensioned, the criterion function (e.g., IncomeH2) 
may take on a negative value. This happens in cases where the equipment is oversized, too 
expensive (high CapEx) or underutilised (low hydrogen-system utilisation rate c). In this 
case the investment costs exceed the income from the sale of hydrogen. The figure shows 
such an example. 

 

Figure 5.38: Example of over-dimensioned equipment that leads to negative IncomeH2. 
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The chosen hydrogen-system configuration results in a total annual hydrogen 
production (without the additional electrical energy from the photovoltaic field, i.e., 
PPV_INST = 0 MW) of 86,088.6 kg/year, see Figure 5.39. This hydrogen production is only 
at the expense of the excess hydropower and does not affect the timetable of electrical 
energy supply to the grid. The simulation confirms that an existing hydro-power surplus 
appearing during the regular operation of the HPP can result in a moderate annual 
hydrogen production, see Figure 5.39. 

 

Figure 5.39: Annual hydrogen quantity produced. 

With the same system setup, the production costs of hydrogen were explored again. 
Figure 5.40 shows an example of the representation of the production price of hydrogen in 
the GUI, expressed in €/kg, depending on the installed power of the hydrogen system and 
the size of the storage tank, for a system without the PV field (PPV_INST = 0 MW) and for 
the assumed periodic consumption of hydrogen up to 320 kg/day. The hydrogen-selling- 
price slider is again inactive in this case. The production costs for hydrogen (PCH2) for the 
chosen system and an assumed hydrogen demand of up to 320 kg/day are around 2.84 
€/kg, Figure 5.40.  
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Figure 5.40: Annual production costs of hydrogen with a 0.75-MW hydrogen system, a 20 
m3 hydrogen-storage tank and a hydrogen demand up to 320 kg hydrogen per day. 

Furthermore, the Hydrogen-System-Configuration Explorer can be used as an estimator 
for the utilisation rate of the hydrogen system in various configurations, see Figure 5.41. 

 

Figure 5.41: Annual hydrogen system’s utilisation rate. 

The 0.75-MW electrolyser’s annual utilisation rate is around 71%. In this case, it was 
confirmed that a smaller hydrogen system increases the hydrogen system’s utilisation rate 
due to low daily demand for hydrogen consumption. Also, increasing the hydrogen-storage 
size in this case is neither necessary nor sensible. The operating of the electrolyser can be 
seen in Figure 5.42. 
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Figure 5.42: Annual hydrogen system’s operation. 

By increasing the PV field’s nominal capacity to 6 MW, the simulated income is 
depicted in Figure 5.43. We see that the hydrogen system with a 0.75-MW electrolyser and 
20 m3 hydrogen storage cannot be profitable in all configurations (a too small electrolyser 
cannot produce enough hydrogen to cover the investment in a larger PV field and the 
income for the proposed system setup is negative). Further tests carried out with the 
Simulink model show that an income of up to 282,834 €/year is generated. 

 

 

Figure 5.43: Annual income after the inclusion of 6-MW PV field. 

Further simulations give a total hydrogen production of 111,438 kg/year,  
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Figure 5.44: Annual hydrogen quantity produced. 

and the production costs for hydrogen (PCH2) for the chosen system and an assumed 
hydrogen demand of up to 320 kg/day are around 5.46 €/kg, see Figure 5.45. 

 

Figure 5.45: Annual hydrogen production costs after the inclusion of 6-MW PV field. 

By further increasing the PV field to 6 MW, it is possible to increase the utilisation 
rate of the electrolyser up to approximately 92%, see Figure 5.46. 
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Figure 5.46: Annual hydrogen system’s utilisation rate using 0.75 MW electrolyser with 
the inclusion of 6-MW PV field. 

The operation of the electrolyser can be seen in Figure 5.47. 

 

Figure 5.47: Annual hydrogen system’s operation after the inclusion of 6-MW PV field. 

5.2.3.2 Simulation Results, Annual with Reduced CapEx Costs 

To evaluate the assumption that the costs of the equipment can drastically affect the 
hydrogen system's proposed configuration, we performed simulation runs with half the 
price of the equipment (a 50% CapEx reduction). In reality, this could be implemented by 
subsidizing the equipment cost by various governmental subsidies supporting a green 
transition. 

The same procedure has been followed as in the above chapter (an annual simulation), 
but this time the equipment’s CapEx costs have been reduced by half. Figure 5.48 shows 
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the simulation results. The maximum annual income, when PPV_INST = 0 MW and the 
CapEx costs are reduced by half, can be obtained with a 1.25 MW hydrogen system and a 
70 m3 storage tank for the assumed periodic consumption of hydrogen up to 320 kg/day 
and a hydrogen selling price of 8 €/kg. As the hydrogen-production costs are halved, the 
resulting income can be as high as 609,445 €/year. In this case the income is positive in all 
system configurations. 

 

Figure 5.48: Proposed system configuration for maximum annual income from hydrogen 
production. 

The chosen hydrogen system’s configuration results in the total annual hydrogen 
production (without the additional electrical energy from the photovoltaic field, i.e., 
PPV_INST = 0 MW) of 102,722 kg/year.  

 

Figure 5.49: Annual quantity of hydrogen produced. 

5.2.4 Annual Income Relative to Hydrogen Price 
Using a 0.75-MW hydrogen system, a 20 m3 hydrogen-storage tank, a predefined hydrogen 
demand of up to 320 kg of hydrogen per day and without including a PV field, the annual 
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income from the sale of hydrogen at different selling prices was simulated. The results are 
depicted in Figure 5.50. 

 

Figure 5.50: Comparison of income at different selling prices of hydrogen, PV = 0 MW. 

From Figure 5.50 it follows that the income is negative at the beginning of the year 
even if hydrogen price is 10 €/kg. The reason is that at the beginning of the year there is 
no excess of hydropower and therefore no hydrogen is produced and sold. On the other 
hand, the hydrogen system always generates costs due to CapEx (see Section 3.6). The 
increase in income from hydrogen generation is also not continuous, as the availability of 
excess electricity is very volatile. 

In addition, the annual income from the sale of hydrogen generated by the same system 
setup upgraded with a secondary power source (i.e., a 6-MW PV field) was simulated, see 
Figure 5.51. Due to the integration of the additional energy source, the excess electrical 
energy is available for almost the entire year. A constant power input (excess electricity) 
results in a constant hydrogen flow. This is also reflected in the operation of the hydrogen 
system (see Figure 5.47), and consequently the income from hydrogen generation is more 
constant than in the previous case.  
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Figure 5.51: Comparison of income at different selling prices of hydrogen, PV = 6 MW. 

5.2.5 Payback Period of the Hydrogen System Relative to Hydrogen 
Price 

The calculated payback period (PBP) for the implementation of the chosen hydrogen 
system (0.75-MW electrolyser and 20 m3 hydrogen-storage tank), and without including a 
PV field, is between 1.36–2.38 years, depending on the selling price of the hydrogen.  

In this case, the utilisation rate of the hydrogen system is around 71%. 

 

Figure 5.52: Payback period of investment when hydrogen selling price is 6 €/kg. 
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Figure 5.53: Payback period of investment when hydrogen selling price is 8 €/kg. 

 

 

Figure 5.54: Payback period of investment when hydrogen selling price is 10 €/kg. 

5.2.6 Conclusions about Hydrogen-System-Configuration Explorer 
The developed system model (i.e., Complete Model) together with the Hydrogen-System-
Configuration Explorer represents an effective tool for manually sizing the hydrogen system 
and exploring the effect of particular parameters. It provides an important insight into the 
operating details and limitations of the hydrogen system's configuration. The above 
experiments illustrate the potential to quickly evaluate different equipment configurations. 
In general, we can benefit from a certain amount of manual optimisation, especially at the 
beginning of the project when we have a general idea of the targeted hydrogen system and 
its field of application.  
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5.3 Hydrogen-System-Configuration Optimiser 
In the previous Subsection 5.2, a design support tool, the Hydrogen-System-Configuration 
Explorer, was presented, which provides the possibility to estimate the optimal system 
parameters for a given objective function. The presented method is based on a number of 
simulation runs performed over the defined range of process parameters and enables an 
efficient and transparent sizing of the hydrogen system’s main components. It belongs to a 
class of exhaustive (also called brute-force) optimisation methods, which systematically 
explore all the potential combinations of parameters in search of the best solution. The 
Hydrogen-System-Configuration Explorer is a very useful design and decision-support tool; 
however, some of its certain properties leave room for improvements.  

• Due to the parameter space discretisation, the accuracy of the indicated optimal 
solution is limited and sometimes more accurate results are needed. 

• Only a limited number of parameters subjected to optimisation can be included in the 
simulation to keep the computation acceptable. If the number of optimised parameters 
is increased, the number of parameter combinations increases progressively and so 
does the computational burden and simulation time. 

• In case some parameter, which is not the subject of optimisation, is changed, the whole 
set of simulations must be repeated, which is time consuming and can in some cases 
represent a drawback.  

To overcome these challenges, an additional system design tool was prepared (i.e., 
Hydrogen-System-Configuration Optimiser), which is based on heuristic optimisation 
methods. The Particle-Swarm Optimisation (PSO) method [191], [192], [193] was selected 
due to its intuitive algorithm, which can also be understood by engineers not specialised in 
the field of computational optimisation methods. Alternative methods are Genetic 
Algorithms, Simulated Annealing and many others [194]. Most importantly, the PSO 
algorithm does not require the simulation of all combinations of the process parameters 
and in this way more parameters can be the subject of optimisation while keeping the 
computational load and optimisation time at an acceptably low level. 

In general, the mathematical optimisation problem can be formulated as follows: 

 

𝑚𝑚𝑚𝑚𝑚𝑚    𝑓𝑓(𝒙𝒙)
    𝑥𝑥               

 

or 

𝑚𝑚𝑚𝑚𝑚𝑚    𝑓𝑓(𝒙𝒙)
    𝑥𝑥                

(5.2) 

where x is the vector of parameters subjected to optimisation Eq. (5.2) with their 
constraints and f(x) is an objective function. This means that the method searches for 
parameter vector x, which gives the minimum (or maximum) value of f(x). Usually, 
objective functions such as cost or energy consumption are the subject of minimisation, 
while objective functions like financial outcome of hydrogen produced are the subject of 
maximisation. 

Note that in our case, f(x) is not an analytic function of the parameter vector x. For a 
given vector of parameters x, the function f(x) is evaluated by performing a simulation 
run of the complete process over the desired time interval (e.g., 1 year) and then calculating 
the desired objective function f. In this case, different objective functions are possible, and 
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they represent different technical or economic key-performance-indicators of hydrogen 
system’s operation. 

5.3.1 Particle-Swarm Optimisation 
The PSO algorithm can find finding the optimal solution (either local or global) with a 
relatively small number of system operation simulations [195]. 

The PSO algorithm consists of a series of proposed solutions (particles) with a random 
initial position. Each particle represents an instance of parameter vector x. The algorithm 
solves an optimisation problem by using a population (a swarm) of candidate solutions 
(particles) and by moving these particles around in the search space according to simple 
mathematical formula over the particle's position and velocity. Two equations are involved 
in the algorithm. In the equations, i represents the index of an individual particle, iTOT 
represents the number of all the particles, and n represents the number of current 
iterations. Eq. (5.3) is called the velocity equation [196].  

 𝒗𝒗𝑖𝑖(𝑛𝑛 + 1) = 𝑤𝑤 ∙ 𝒗𝒗𝑖𝑖(𝑛𝑛) + 𝑐𝑐1 ∙ 𝑟𝑟1 ∙ �𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝑖𝑖 − 𝒙𝒙𝑖𝑖(𝑛𝑛)� + 𝑐𝑐2 ∙ 𝑟𝑟2 ∙ �𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝑖𝑖 − 𝒙𝒙𝑖𝑖(𝑛𝑛)� (5.3) 

It is used to update the velocity (movement) of each particle (i = 1…iTOT) in the n-th 
step/iteration by using the computed values of the individual and global best solutions and 
its current position. The velocity in fact represents an increment from the current position 
xi(n) to the new position xi(n+1). The r1 and r2 represent user-defined gains between 0 and 
1, constants w (inertia), c1 (self-adjustment weight), and c2 (social adjustment weight) are 
the parameters to the PSO algorithm. Personal best pbest i is the position that gives the 
best objective function f(x) value explored by particle i and global best gbest i is the best 
objective function f(x) value ever explored by all the particles in the swarm. 

The second equation (see Eq. (5.4)) is called the position equation [196], used for 
updating each particle’s position using the calculated velocity from Eq. (5.3): 

 𝒙𝒙𝑖𝑖(𝑛𝑛 + 1) = 𝒙𝒙𝑖𝑖(𝑛𝑛) + 𝒗𝒗𝑖𝑖(𝑛𝑛 + 1) (5.4) 

Note that each particle's movement is influenced by its local best-known position, but 
it is also guided towards the best-known positions in the search-space, which are updated 
as better positions are found by other particles. An iteration of a single particle's shift is 
illustrated in Figure 5.55.  
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Figure 5.55: Individual particle shift in one iteration [197]. 

As the number of iterations increases, so will the convergence rate to the best-known 
position. The result is a heuristic solution because it cannot be proved that the real global 
optimal solution has been found. The optimisation is complete when the solution is located 
at a point that appears to be a (local or global) minimum. 

In our case, the PSO algorithm was implemented in MATLAB using the Optimisation 
Toolbox and the fmincon function to perform the minimisation process, taking into account 
the constraints. An automation script was also developed (optim_script, [190]), which 
starts the simulation of the model for a given set of system parameters, calculates the 
selected residuals and enables the automatic search for the optimum for the selected 
objective function. The whole iterative optimisation procedure is illustrated in Figure 5.56. 
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Figure 5.56: Graphical presentation of the optim_script.  
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5.3.2 Optimised Parameters and Objective Functions 
Parameters, that are the subject of optimisation, represent the components of vector x; (x 
= [PEL_SYS, PPV_INST, VGEO]). Table 5.17 shows the range of each parameter (component of 
the vector x). 

Table 5.17:  List of optimised parameters and their constraints.  

Parameter Description Range Units 
PEL_SYS Nominal power of the electrolyser system [0.25…1.5] MW 
PPV_INST Nominal power of the photovoltaic field [0…6] MW 
VGEO Volume of the hydrogen storage tank [10…80] m3 

 

 
Table 5.18 shows a list of examples of objective functions, which in general represent 

technical and economic key-performance indicators. Note that also other kinds of objective 
functions can also be used, depending on the priorities during the design of a particular 
hydrogen system and related techno-economic targets. Combinations of several basic 
objective functions can also be used. 

Table 5.18: Examples of objective functions.  

Techno-economic target J = f(x) 
Maximisation of income 
(implemented as 
minimisation of negative 
income) 

𝐽𝐽 = −𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2 = − � ṁ𝐼𝐼𝐼𝐼(𝑡𝑡)

𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

0

∙ �𝑆𝑆𝑆𝑆𝐻𝐻2(𝑡𝑡) − 𝑃𝑃𝑃𝑃𝐻𝐻2(𝑡𝑡)� ∙ 𝑑𝑑𝑑𝑑 

Search for hydrogen 
system’s components 
size to produce the 
predefined amount of 
hydrogen 

𝐽𝐽 = (𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑] −𝑚𝑚𝐻𝐻2_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)2 

Combination of both 
objective functions 𝐽𝐽 = −𝑘𝑘1 ∙ �

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2𝑀𝑀𝑀𝑀𝑀𝑀

� + 

𝑘𝑘2 ∙ �
𝑚𝑚𝐻𝐻2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑]

𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑]
�
2

  

 

 
In the following subsections, examples of optimisation are given, and they are performed 

according to the object functions defined in Table 5.18 above. In all cases, the selling price 
of the hydrogen 𝑆𝑆𝑆𝑆𝐻𝐻2 was set to 8 €/kg. The maximum pressure in the tank is assumed 
to be 350 bar, as defined in previous sections. 

 

5.3.3 Optimisation of Income 
As the first example, let the objective function be the annual income from hydrogen 
production (J = – IncomeH2):  
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 𝐽𝐽 = −𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2 = − � ṁ𝐼𝐼𝐼𝐼(𝑡𝑡)

𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

0

∙ �𝑆𝑆𝑆𝑆𝐻𝐻2(𝑡𝑡) − 𝑃𝑃𝑃𝑃𝐻𝐻2(𝑡𝑡)� ∙ 𝑑𝑑𝑑𝑑 (5.5) 

The negative value of IncomeH2 is used, since minimum criteria are used during the 
optimisation. Minimising a negative value of the income actually means maximising the 
income. 

The solution of this optimisation problem gives the optimal configuration of the 
hydrogen system for reaching the highest annual income generated by hydrogen production 
in the case-study HPP. 

The constraints of the parameters from Table 5.17 correspond to the ranges of the 
parameters defined in Table 5.12.  

During the iterative optimisation procedure, the selected important output parameters 
of the model are displayed (Table 5.19). 

Table 5.19: Selected important output parameters of the model.  

Parameter Units Parameter Description 
mH2_PROD kg/y Annual mass of produced hydrogen 
PCH2 €/kg Production cost of hydrogen  
c % Utilisation rate of the hydrogen system  
IncomeH2 €/kg Income from the production of hydrogen 

 

 
The optimisation results show that the optimal configuration for reaching the highest 

annual income taking into account the installation costs of the hydrogen system and the 
current operating regime of the case-study HPP is: 

• Hydrogen system’s maximum power (PEL_SYS): 0.9060 MW 

• Photovoltaic field’s nominal (installed) power (PPV_INST): 0 MW 

• Volume of hydrogen-storage tank (VGEO): 28.0098 m3 

Under these conditions, the annual hydrogen production is 76,601.46 kg, the 
corresponding annual income is 349,290.41 €/y and the hydrogen system’s utilisation rate 
is 75.01 %. It should be noted that in this case the average daily hydrogen consumption is 
approximately 210 kg/d, which means that the hydrogen demand (320 kg/d) is not 
completely fulfilled, but this is not penalised. Note that the maximum income may not 
necessarily mean the maximum production of hydrogen, but the best combination of low 
system costs and revenue from sold hydrogen. 

Table 5.20 gives a further insight into the optimisation procedure by showing the 
following variables during optimisation iterations:  

• Iteration — Index of current iteration (n in Eq. (5.3) and Eq. (5.4)) 

• f-count — Cumulative number of objective function evaluations (since there are 100 
particles in the swarm, the total number of objective function evaluations is increased 
by 100 in each iteration) 

• Best f(x) — Best objective-function value (in this case IncomeH2) 

• Mean f(x) — Mean objective-function value over all particles 



5.3. Hydrogen-System-Configuration Optimiser 123 

• Stall Iterations — Number of iterations since the last change in Best f(x) 

Table 5.20: Displayed information.  

Iteration f-count Best f(x) Mean f(x) Stall Iteration 
0 100 -4.239e+05 -2.364+05 0 
1 200 -4.239e+05 -1.676e+05 0 
2 300 -4.438e+05 -3.227e+05 0 
3 400 -4.442+05 -3.273e+05 0 
4 500 -4.455e+05 -3.223e+05 0 
5 600 -4.455e+05 -3.075e+05 1 
6 700 -4.455e+05 -3.282e+05 2 
7 800 -4.455e+05 -3.301e+05 3 
8 900 -4.455e+05 -3.233e+05 4 
9 1000 -4.455e+05 -3.361e+05 5 
10 1100 -4.455e+05 -3.283e+05 6 
11 1200 -4.455e+05 -3.749e+05 7 
12 1300 -4.46e+05 -4.066e+05 0 
13 1400 -4.463e+05 -4.22e+05 0 
14 1500 -4.466e+05 -4.353e+05 0 
15 1600 -4.467e+05 -4.16e+05 0 
16 1700 -4.469e+05 -4.441+05 0 
17 1800 -4.469e+05 -4.448e+05 1 
18 1900 -4.469e+05 -4.462e+05 2 
19 2000 -4.469e+05 -4.464e+05 0 
20 2100 -4.469e+05 -4.466e+05 1 
21 2200 -4.47e+05 -4.467e+05 0 

 

 
The term Stall iteration defines an iteration where particles were moved, but the best 

solution of the best particle was not better than the current best global solution. In the 
table, green fields represent the last best global objective function, while yellow fields show 
stall iterations, see also Figure 5.57. 
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Figure 5.57: Values of the objective function J. 

Figure 5.58 shows the “ranges of parameters”, which is a characteristic plot of the PSO 
algorithm and illustrates the convergence of the optimised parameters during the iterations. 
As mentioned earlier, in each iteration a number of parameter vectors (particles) are moved 
in search for the optimal solution. Ideally, after a number of iterations, all the particles 
should converge to the same global optimal solution if it exists for a given optimisation 
problem. Figure 5.58 contains three plots, since in our case three parameters are the subject 
of the optimisation (PEL_SYS, PPV_INST, VGEO). Each plot shows the range of a particular 
parameter, which is the difference between the current maximum and minimum values of 
a particular parameter in the entire set of particles. At the beginning of the iterations, the 
ranges of the parameters are large, since parameter vectors (particles) are randomly 
distributed over the entire parameter space. Later during the iterations, if the parameters 
converge towards a global optimal solution, the ranges of the parameters converge to zero, 
indicating that the optimum has been found. The y-axes of the plots are represented on a 
logarithmic scale to better represent the possible wide ranges of parameters. 

 

Stall iterations 
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Figure 5.58: Parameter ranges: the top graph shows the maximum power of the hydrogen 
system, the centre graph the nominal power of the PV field, and the bottom graph the 
volume of the storage tank. 
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5.3.4 Optimisation of Hydrogen System’s Size to Produce the 
Predefined Amount of Hydrogen 

The next case of sizing the hydrogen-system components by using optimisation 
methodology is to find the optimal size of the hydrogen-system equipment to match the 
pre-demanded annual hydrogen production. In fact, we are looking for the size of hydrogen 
system that has the highest possible utilisation rate (close to 100 %). In this case, the 
objective function can be defined as: 

 𝐽𝐽 = 𝑓𝑓(𝑥𝑥) = �𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑] −𝑚𝑚𝐻𝐻2_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�
2 (5.6) 

where in our case the demanded predefined hydrogen production is QH2_OUT_DEM = 160 
kg/day. 

The results of optimisation show that the (local) optimal configuration for reaching the 
desired annual production of hydrogen respecting both the installation costs of the 
hydrogen system and PV field and the current operating regime of the case-study HPP 
are: 

• Hydrogen system’s maximum power (PEL_SYS): 0.3551 MW 

• Photovoltaic field’s nominal (installed) power (PPV_INST): 6 MW 

• Volume of hydrogen-storage tank (VGEO): 35.2141 m3 

where the annual hydrogen production is 58,400 kg/y (160 kg/d), the hydrogen system 
utilisation rate is above 98 % and the corresponding annual income is negative (–94,119.66 
€/y) due to the high costs of the necessary hydrogen system equipment, the costs of the 
PV field’s installation and low predefined volume of daily hydrogen production. The results 
are shown in Table 5.21, Figure 5.59 and Figure 5.60. 

This example searches for the optimal parameters of the hydrogen system, which result 
in the required amount of hydrogen being produced, while neglecting the economic issue of 
operation. As a result, in this case, the annual income is negative. To overcome this, 
additional criteria can be incorporated into objective function and this is addressed in the 
next subsection. 
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Table 5.21: Displayed information.  

Iteration f-count Best f(x) Mean f(x) Stall Iteration 
0 100 2.117e+06 1.653e+09 0 
1 200 2.117e+06 1.098e+09 0 
2 300 5049 5.593e+08 0 
3 400 2.648 3.793+08 0 
4 500 2.648 4.271e+08 1 
5 600 2.648 3.574e+08 2 
6 700 2.648 3.271e+08 3 
7 800 2.648 3.971e+08 4 
8 900 2.648 3.339e+08 5 
9 1000 2.648 4.496e+08 6 
10 1100 2.648 2.117e+08 7 
11 1200 2.648 1.115e+08 8 
12 1300 2.648 9.44e+07 9 
13 1400 2.648 3.589e+07 10 
14 1500 2.648 2.118e+07 11 
15 1600 2.648 9.469e+06 12 
16 1700 2.099 9.075e+07 0 
17 1800 0.009054 1.612e+07 0 
18 1900 0.001617 1.056e+07 0 
19 2000 9.032e-05 1.177e+07 0 
20 2100 7.143e-05 1.311e+07 0 
21 2200 4.442e-05 1.163e+07 0 
22 2300 7.126e-06 9.693e+06 0 
23 2400 5.513e-06 5.647e+06 0 
24 2500 4.946e-06 9.4e+06 0 
25 2600 3.775e-07 1.076e+07 0 
26 2700 4.387e-09 1.041e+07 0 
27 2800 4.387e-09 5.928e+06 1 
28 2900 4.387e-09 1.079e+07 2 
29 3000 4.387e-09 5.05+06 3 
30 3100 6.709e-12 5.848e+06 0 
31 3200 6.709e-12 6.543e+06 1 
32 3300 3.553e-12 1.326e+07 0 
33 3400 4.384e-13 5.217e+06 0 
34 3500 3.083e-14 4.153e+06 0 
35 3600 3.083e-14 3.898e+06 1 
36 3700 3.083e-14 17.117e+06 2 
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Figure 5.59: Values of the objective function J. 

 

 

Figure 5.60: Parameter ranges: the top graph shows the maximum power of the hydrogen 
system, the centre graph the nominal power of the PV field, and the bottom graph the 
volume of the storage tank. 

 
The same pre-demanded hydrogen production QH2_OUT_DEM = 160 kg/day can also be 

achieved without using the excess energy from the PV field and only by exploiting the 
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surplus of hydro energy. In this scenario, the optimisation results show that the (local) 
optimal configuration for reaching the desired annual production of hydrogen is: 

• Hydrogen system’s maximum power (PEL_SYS): 0.4414 MW 

• Photovoltaic field’s nominal (installed) power (PPV_INST): 0 MW 

• Volume of hydrogen-storage tank (VGEO): 58.2813 m3 

where the annual hydrogen production is 58,400 kg/y (160 kg/d), the hydrogen system’s 
utilisation rate is above 79.6444 % and corresponding annual income is 213,785 €/y. In 
this scenario, a larger electrolyser and a larger hydrogen-storage tank are required due to 
the more uneven dynamics of the surplus energy for the hydrogen system’s operation. The 
results are shown in Table 5.22, Figure 5.61 and Figure 5.62. 

Generally, parameter PPV_INST is an optimised parameter, but in this particular case, we 
set its upper and lower limits to 0, thus preventing the optimisation of this parameter and 
leaving it at a value of 0 MW. 
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Table 5.22: Displayed information.  

Iteration f-count Best f(x) Mean f(x) Stall Iteration 
0 100 1.289e+06 1.013e+09 0 
1 200 1.289e+06 8.533e+08 0 
2 300 3.109e+04 3.93e+08 0 
3 400 3507 3.204e+08 0 
4 500 3507 2.876e+08 1 
5 600 3507 3.252e+08 2 
6 700 3507 3.018e+08 3 
7 800 3507 3.116e+08 4 
8 900 3507 2.678e+08 5 
9 1000 3507 2.785e+08 6 
10 1100 3507 1.896e+08 7 
11 1200 3507 8.642e+07 8 
12 1300 378.2 4.949e+07 0 
13 1400 19.44 3.155e+07 0 
14 1500 19.44 1.876e+07 1 
15 1600 19.44 2.598e+07 2 
16 1700 19.44 2.471e+07 3 
17 1800 3.651 2.365e+07 0 
18 1900 0.1272 3.688e+07 0 
19 2000 0.1272 3.219e+07 1 
20 2100 0.1272 3.001e+07 2 
21 2200 0.1272 2.944e+07 3 
22 2300 0.02359 3.099e+07 0 
23 2400 7.336e-05 1.76e+07 0 
24 2500 3.525e-05 2.021e+07 0 
25 2600 3.525e-05 2.425e+07 1 
26 2700 2.809e-05 1.885e+07 0 
27 2800 2.592e-05 1.687e+07 0 
28 2900 1.956e-05 1.532e+07 0 
29 3000 1.956e-05 2.193e+07 1 
30 3100 2.31e-06 1.68e+07 0 
31 3200 4.241e-07 1.855e+07 0 
32 3300 4.389e-08 1.378e+07 0 
33 3400 2.733e-08 1.546e+07 0 
34 3500 2.588e-08 1.756e+07 0 
35 3600 2.135e-08 1.136e+07 0 
36 3700 6.652e-09 1.393e+07 0 
37 3800 3.294e-09 1.631e+07 0 
38 3900 3.294e-09 1.118e+07 1 
39 4000 1.205e-09 2.404e+07 0 
40 4100 5.576e-10 2.476e+07 0 
41 4200 1.03e-10 3.549e+07 0 
42 4300 1.03e-10 2.699e+07 1 
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Figure 5.61: Values of the objective function J. 

 

 

Figure 5.62: Parameter ranges: the top graph shows the maximum power of the hydrogen 
system, the centre graph the nominal power of the PV field, and the bottom graph the 
volume of the storage tank. 
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5.3.5 Combination of Two Objective Functions 
To balance the requirements for the volume of hydrogen production and the profitability 
of its production, two objective functions can be combined: 

• Maximisation of income, 

• Search for the system size that leads to the required amount of produced hydrogen. 

Mathematically, this is implemented as a linear combination of two separate objective 
functions, each given its own weight (k1, k2). In a linear combination, both objective 
functions are normalised to enable the equal impact of both demands: 

 𝐽𝐽 = −𝑘𝑘1 ∙ �
𝐼𝐼𝐼𝐼𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝐻𝐻2

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻2𝑀𝑀𝑀𝑀𝑀𝑀

� + 𝑘𝑘2 ∙ �
𝑚𝑚𝐻𝐻2_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑄𝑄𝐻𝐻2𝑂𝑂𝑂𝑂𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑]

𝑄𝑄𝐻𝐻2_𝑂𝑂𝑂𝑂𝑂𝑂_𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 365 [𝑑𝑑]
�
2

 (5.7) 

In the equation, QH2_OUT_DEM = 160 kg/d and IncomeH2_MAX = 425,060.98 €/y, taken 
from the first example (any other comparable value, e.g., 500,000 €/y could be used here). 
Table 5.23 comprises the PSO algorithm results for different coefficients k1 and k2. 

Table 5.23: PSO algorithm results with various coefficients k1 and k2, QH2_OUT_DEM = 160 
kg/d. 

   Results 

Variables k1 k2 
PEL_SYS 
[MW] 

PPV_INST 
[MW] 

VSTOR_MAX 
[m3] 

IncomeH2 
[€/y] 

mH2_PROD 
[kg/y] 

 0.75 0.25 0.7352 0 19.2448 398,767.50 95,642.21 
 0.50 0.50 0.6534 0 17.2494 392,049.73 83,529.32 
 0.25 0.75 0.5119 0 14.1594 264,147.61 66,926.16 
 0.10 0.90 0.4643 0 12.5328 296,323.51 59,235.54 

 

The target hydrogen production in this case was 160 kg/d, which is 58,400 kg/year and 
this value can be compared by mH2_PROD from Table 5.23 to see how well the second 
objective function was fulfilled. We can see that the second objective function is strongly 
prioritized (last case in the table above k1 = 0.1 and k2 = 0.9), then it fulfils the target 
value the most. 

In the case that the hydrogen demand is doubled (QH2_OUT_DEM = 320 kg/d), the 
inclusion of the PV field is meaningful. Table 5.24 comprises the PSO algorithm results for 
different coefficients k1 and k2. 

It is assumed that all the produced hydrogen is sold at a given price, not only the 
required amount of hydrogen. 

Table 5.24: PSO algorithm results with various coefficients k1 and k2, QH2_OUT_DEM = 320 
kg/d. 

   Results 

Variables k1 k2 
PEL_SYS 
[MW] 

PPV_INST 
[MW] 

VSTOR_MAX 
[m3] 

IncomeH2 
[€/y] 

mH2_PROD  
[kg/y] 

 0.75 0.25 1.4903 4.0361 35.3375 490,435.76 117,802.62 
 0.50 0.50 1.2987 2.1954 31.4271 580,202.61 135,036.98 
 0.25 0.75 1.2434 0.9107 30.3093 537,767.01 119,781.14 
 0.10 0.90 1.2143 0.7674 29.0963 545,414.91 117,384.67 
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From the illustrated examples we can see that the parameters of the hydrogen and 
photovoltaic system can be successfully optimised according to different objective functions 
by a heuristic optimisation method, in this particular case the Particle Swarm 
Optimisation.  

When compared to the Hydrogen-System-Configuration Explorer from Section 5.2, 
which uses exhaustive simulation, the presented automated optimisation method brings 
the following benefits: 

• The accuracy of the results is higher, since the parameter space is not discretised, 

• The optimisation procedure can be faster and less computationally demanding, since 
the number of model simulation runs is smaller. 

• The number of optimised parameters can be higher. 

The automated optimisation (PSO) and the Hydrogen-System-Configuration Explorer are 
complementary tools. The Hydrogen-System-Configuration Explorer can be used to obtain 
the complete picture over the entire parameter space and get rough estimates for the 
optimal parameters according to the selected objective function. The automated 
optimisation (PSO), on the other hand, can be used to find more accurate values of optimal 
parameters, while the results of the Hydrogen-System-Configuration Explorer can be used 
as initial values of the PSO optimisation.  
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Chapter 6 

6 Conclusions 

Hydrogen is a promising energy vector/carrier and is recognised as one of the main levers 
for achieving the long-term green transition. However, its today's production method 
(mostly the steam reforming of natural gas) is not in line with long-term climate and energy 
goals. Green hydrogen produced by water electrolysis driven by electricity from renewable 
sources has an extra added value, because its production is CO2-emission free, and it could 
make a key contribution to reducing CO2 emissions, reducing local pollution, ensuring 
energy independence and helping to achieve sustainable goals. 

Since hydropower plants are the most reliable renewable source of green electricity, it 
makes sense to evaluate the possibilities of cogeneration green hydrogen in this kind of 
power plant. However, for this kind of upgrading of the operation of hydropower plants, 
we need new technologies, where the costs of their installation, the optimal selection of the 
necessary components and the profitability of the operation, have not yet been fully 
evaluated. 

This dissertation is focused on technical and economic analyses of hydrogen technologies 
in connection with a hydropower plant. The goal is to provide the methodology and tools 
for: 

• Simulation-based demonstration of the hydrogen system’s operation in connection to 
hydropower plants. 

• Estimation of the investment and operating costs of hydrogen systems. 

• Estimation of the possible financial income generated by the hydrogen system’s 
operation. 

• Optimal sizing of hydrogen system equipment during feasibility studies and system 
design. 

Therefore, it is believed that this dissertation and its results and tools can contribute 
to a more effective solution to the above-mentioned challenges. The most important 
contributions are the following:  

• Implementation of the hydrogen system and hydropower plant model, which enables the 
simulation of the operation of the entire system using real operating data and evaluates 
the financial effects. 

• Assessment of the possibility of cogeneration of green hydrogen, considering the 
prescribed timetable and possible surpluses of available hydro energy. In addition to the 
primary role of the hydropower plant, which is the production of electricity according 
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to a prescribed timetable, surpluses of hydropower occur from time to time, which can 
be utilised for the cogeneration of green hydrogen. 

• An assessment of the costs of setting up a hydrogen system and an assessment of the 
profitability of its operation in terms of hydrogen consumption and its selling price. 
The basics for calculating the profitability of green-hydrogen production are given, but 
in future work, attention should be paid to an estimation of the expected consumption 
of hydrogen and the selling prices of the components of the hydrogen system, which are 
expected to decrease in the future. 

• Design and implementation of two tools (Hydrogen-System-Configuration Explorer and 
Hydrogen-System-Configuration Optimiser) to support decision-making in 
selecting/sizing the appropriate configuration of the hydrogen system, taking into 
account the available excess electricity and the expected consumption of green hydrogen. 
At the current development stage, the developed tools enable the sizing of the main 
components of the hydrogen system, i.e., the electrolyser, PV field and the hydrogen-
storage tank, according to selected criteria (e.g., hydrogen consumption, use of existing 
equipment, income), but there is potential to add further functionalities. 

• Implementation of a simple control algorithm, which coordinates the operation of the 
hydrogen system according to the actual consumption of green hydrogen, the state-of-
charge of water accumulation reservoir, the available surplus electrical energy and the 
state-of-charge of the hydrogen storage tank.  

The simulation experiments on the case-study HPP show that an investment in a 
hydrogen system could already be justified in certain cases. Considering all the possibilities 
for producing green hydrogen from surpluses of available hydropower, and taking into 
account that the costs of the already commercially available components of the hydrogen 
system will decrease and the demand for green hydrogen will increase, we estimate that it 
is worth investing in hydrogen technologies. 
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