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ABSTRACT 

In this thesis I will report the work I have done during the 6 months of 

internship in TechFem. 

During this period I have worked on different things. 

First, I have studied all the bibliographic part of the hydrogen (and its 

production with the electrolyser), of the electric market, and of the digital 

twin. 

Then, I created in Excel different scenarios, to see how the cost of 

production of the hydrogen can be abated, and also how it is affected by 

the electric market. 

In conclusion, I studied the P&I of the Smart Hydro project and I created a 

cause-effect matrix, which is the definition of how the digital twin should 

work, in order to manage every issue. 

 

TechFem 

TechFem is a factory situated in Fano (PU), in the center of Italy. 

Their target is the green energy, indeed they work on a lot of projects 

which aim to the sustainability. 
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This ethic approach contributes to create a corporate philosophy that 

makes TechFem competitive not only in the business world, but also in the 

environment, in the social component, and in the governance capacity, 

with the awareness that the sustainability of these elements is the basement 

for the factory evolution. 

https://www.techfem.com/it/about-us/ 

 

Learned skills 

The target of this internship was to improve my working skills and to use 

my previous knowledge to do all the things I have written above. 

I can say that during these 6 months I have learned how to interact in a 

working place, I have improved my skills in communication, in the use of 

software, and I have done another step of maturity. 

 

Smart Hydro 

The Smart Hydro project is a project designed by TechFem. 

It aims to the smart production of hydrogen. 

https://www.techfem.com/it/about-us/
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All the components (PV, H2O, electrolyser, compressor, storage tanks, FC) 

are connected and managed by a digital twin, which, with all the collected 

data, manages each component in order to abate risks, costs, and to elevate 

the efficiency of the system.  
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THE ELECTRIC MARKET 

1.1 INTRODUCTION 

The electric market arrives in Italy with the D. Lgs. N. 79/99, which aims to: 

- Promote the competition of production and sale activity 

- Favor transparency and efficiency of the dispatching activity 

The electric market is a telematic marketplace for the negotiation of the 

electric energy, in which the price of energy corresponds to the price of 

equilibrium obtained between the asks and the bids. 

It is, indeed, a real market, where entry and withdrawal programs are defined 

by the grid, using an economic criteria. 

 

GME 

The GME (Gestore dei Mercati Energetici S.p.A.) is the company that 

organizes and manages the electric market, the gas market, and the ambient 

market, with neutrality, transparency, objectivity and concurrency.  
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The electric stock market, essential for the development of a concurrent 

market, provides efficient equilibrium prices that allow producers and 

wholesalers to buy and sell electric energy in the best economic way. 

The electric markets managed by the GME are divided in: 

- Spot Energy Market (day before, intraday, dispatching) 

- Futures Energy Market (physic delivery of the energy) 

 

ACTIVITY 

The electric market, in a free market context, is organized in different 

activities: 

- Production 

- Transmission 

- Distribution 

The production of electric energy can be done in several ways. It consists in 

the transformation of primary energy sources into electricity. 

The transmission consists in the transport of the energy from the production 

centers to the consumption ones. The grid acts like communicating vessels, 

where all the input energy will be withdrawn. 
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The last phase is the distribution, which consists in the delivery of the 

electricity in medium and low voltage, directly to the users. 

 

MEMBERS 

The principal members who allow the system to work well are: 

- The parliament and the government 

- The MSE (Ministero dello Sviluppo Economico), that ensures safety. 

- The AEEG (Autorità per l’Energia Elettrica e il Gas), that ensures 

concurrency and efficiency. 

- Terna S.p.A., which manages the national transmission grid and the 

electric energy flows, balancing asks and bids. 

- The GSE (Gestore dei Servizi Energetici), which supports the 

development of green sources with incentives. 

- The AU (Acquirente Unico), which guarantees the correct supply of the 

energy. 

- The GME (Gestore dei Mercati Energetici), which organizes and 

manages the electric market. 
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CONSTRAINTS 

The grid system, in order to be efficient, requires strict constraints: 

- Instantaneous ad continuous balancing 

- Frequency maintenance (for plants safety) 

- Sureness of that energy fluxes don’t overtake each power line limit 

 

DISPATCHER 

The complex system needs a central coordinator, that has to have a control 

power on all the production plants. 

This controller is called dispatcher, it represents the fulcrum of the electric 

market system, and has to ensure the correct functioning and the maximum 

safety. 

It, indeed, guarantees that the production equals the consumption and that the 

frequency and the voltage don’t deviate the optimal values too much. 

The dispatcher also balances the system in real-time. This last action (called 

balancing) is guaranteed by the regulation and control systems of the 

production unities, which increase and decrease the intake of the energy in the 

grid. 



11 

 

1.2 DIFFERENT MARKETS 

The energy market was created in order to promote competition in the 

production and sale of electricity, and to ensure the economic management of 

an adequate availability of dispatching services. 

The electric market is divided into: 

- Day-ahead market; 

- Intraday market; 

- Balancing market. 

 

DAY-AHEAD MARKET 

On the day-ahead market, hourly blocks of energy are exchanged for the 

following day. The operators participate by presenting offers in which they 

indicate the quantity and the maximum/minimum price at which they are 

willing to buy/sell. 

The session of this market opens at 8.00 on the 9th day before the delivery day 

and closes at 12.00 on the day before the day of delivery. 

Bids are accepted after the close of the market session, on the basis of 

economic merit and in compliance with the transit limits between zones. 
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The Italian energy market is divided into 7 zones (North, Center-North, 

Center-South, South, Calabria, Sicily, Sardinia). 

For each hour of the day and for each zone negotiations are carried out, whose 

results represent the hourly zone prices. 

These prices are the meeting point between the energy demand forecast for 

each hour for each zone (forecast curve) and the energy supply of the other 

plants. 

The purchase offers accepted and referring to the consumption units 

belonging to the Italian geographical areas are valued at the PUN (Prezzo 

Unico Nazionale), equal to the average of the geographical areas weighted by 

the quantities purchased in these areas. 

GME acts as a central counterparty. 

 

INTRADAY MARKET 

The intraday market allows operators to make changes to the programs 

defined in the MGP (Mercato del Giorno Prima) through further purchase or 

sale offers. 
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It takes place in 7 sessions, and the accepted purchase offers are valued at the 

zonal price. 

GME acts as a central counterparty. 

In the intraday market, once the results of the MGP are known (volumes and 

prices hour by hour in the individual zones), each energy producer operates 

trying to optimize the maximum profit from its entire fleet of power plants, 

managed in a coordinated manner, and therefore optimized before the end of 

the day. 

The accepted purchase offers are valued at the zonal price. 

 

BALANCING MARKET 

The balancing market is the tool through which Terna S.p.A. procures the 

resources necessary for the management and control of the system (resolution 

of intra-zonal congestion, creation of the energy reserve, balancing in real 

time). 

Terna acts as a central counterparty and accepted offers are remunerated at 

the price presented (pay-as-bid). 
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The balancing market takes place in several sessions, according to the 

provisions of the dispatching regulations. 

There is a single session for the presentation of offers, and it opens at 12.55 

on the day before the day of delivery and closes at 17.30 on the same day. 

Terna accepts energy purchase and sale offers for the purpose of resolving 

residual congestion and establishing reserve margins. 
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1.3 CONSUMPTION TIME SLOTS 

Consumption time slots (or electricity time bands) are periods of time during 

a day when the price of the energy component varies. 

Timeslots are established by the ARERA (Autorità di Regolazione per 

Energia Reti e Ambiente), which is the body that carries out regulations and 

control activities in the electricity, natural gas, water services, waste 

management and remote heating sectors. 

 

HOW THEY WORK 

There are three time slots for electricity market users: F1, F2, F3. 

Each time slot is associated with a specific period of the day or an entire day 

(for example, consumption on Sunday is calculated in the F3 slot) and the 

suppliers have the possibility of calibrating their offers according to the needs 

of the users. 

During the day, energy demand is usually higher than in the evening. Let’s 

think, for example, of industries, shops, bars and other activities that open in 

the morning and close between 18.00 and 20.00. Based on fluctuations in 

demand, Enel Energia (and onther suppliers) modulate their prices and make 

offers based on time slots, which allow customers to save on electricity. 
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Understanding the difference between the time slot offers allows you to 

regulate the use of household appliances, so as to save on your energy costs. 

 

F1-F2-F3 

The first slot is called F1: active from Monday to Friday, from 8.00 TO 19.00, 

excluding holidays. 

The second slot is called F2: active from Monday to Friday, 7.00 to 8.00 and 

19.00 to 23.00, and Saturday from 7.00 to 23.00, excluding Saturdays that are 

national holidays. 

Finally, there is the third slot called F3: active from Monday to Saturday from 

midnight to 7.00 and from 23.00 to midnight, and all day on Sundays and 

holidays. 

For domestic customers, the price of energy (or the price of energy 

components) in the F2 and F3 slots can coincide and cover the time from 

19.00 to 8.00 from Monday to Friday, and all day on Saturdays, Sundays and 

holidays. 
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1.4 ELECTRICITY PRICE CURVE 

As descripted in the previous paragraphs, the electricity price varies hourly. 

Everyday, the GME shows the hourly zone prices, in order to calculate the 

PUN and to generate forecasts for the next days. 

As you can see, this next image describes the variation of PUN in a day. 
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In the second image you can see all the purchase/sale offers for every zone. 

After that, the GME exports data for all the previous 30 days, in order to give 

the opportunity to forecast future prices. 

 

As we can see in this last picture, the PUN is a little bit higher than 100 

€/MWh with a little decreasing line except for the day number 02. 
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H2 EFFICIENCY 

2.1       H2 

Characteristics 

Hydrogen is a chemical element. It has symbol H and atomic number 1. 

It is the lightest element and, at standard conditions, is a gas of diatomic 

molecules with the formula H2. 

It is colorless, odorless, tasteless, non-toxic, and highly combustible. 

Its heating value is the highest between every fuel, meaning that it has the 

best yield. 

 

Production 

Many methods exist for producing H2, but three dominate commercially: 

- Steam reforming 

It consists in the reaction of water and methane. At high temperatures (700-

1100 °C), steam reacts with methane to yield carbon monoxide and H2. 

CH4 + H2O  CO + 3 H2 
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- Partial oxidation of hydrocarbons 

It consists in a chemical reaction where a substoichiometric fuel-air mixture is 

partially combusted in a reformer, creating a H2-rich syngas. 

CH4 + O2  2 CO + 4 H2 

C + H2O  CO + H2 

 

- Water electrolysis 

It consists in the process whereby water is split into H2 and O2 through the 

application of electrical energy. 

2 H2O + energy  2 H2 + O2 

 

Applications 

Hydrogen can be used for lots of applications, such as petrochemical industry, 

hydrogenation, as a coolant, and as energy carrier. 

Nowadays it is also in growth its use as combustible for transports (cars, 

ships, trains) and in the gas grid mixed with natural gas. 
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Transport 

The hydrogen can be transported in 2 ways: 

- Pipelines: transported as a gas or a liquid with high pressures 

- Tanks: stocked usually in its gaseous form in tanks 

 

Stockage 

Also the stockage can be done in several ways. 

The most relevant are: 

- Tanks: stocked in tanks at high pressures (from 700 to 2100 bars) 

- Liquid form: after it condensation it is put in cryogenic containers at a 

temperature near to -253 °C 

- “solid state”: the H2 is absorbed in a crystal lattice where, reacting 

with other metals, it forms metallic hydrides 
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2.2       ELECTROLYSER 

An electrolyser is a machine that splits water molecules (H2O) in Hydrogen and 

Oxygen by the process of electrolysis. 

 

Electrolysis 

The electrolysis is a technique that uses direct electric current (DC) to drive a non-

spontaneous reaction. 

The main components required to achieve it are an electrolyte, electrodes, and an 

external power source. 

The electrolyte is a chemical substance which contains free ions and carries electric 

current. 

The electrodes are immersed separated by a distance such that a current flows 

between them through the electrolyte and are connected to the power source which 

completes the electrical circuit. A direct current supplied by the power source drives 

the reaction causing ions in the electrolyte to be attracted toward the respective 

oppositely charged electrode. 

The key process of electrolysis is the interchange of atoms and ions by the removal 

or addition of electrons due to the applied current. 
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Each electron attracts ions that are of the opposite charge. Positively charged ions 

(cations) move towards the electron-providing (negative) cathode. Negatively 

charged ions (anions) move towards the electron-extracting (positive) anode. 

Fore example, in the next reaction we can see that 2H+ ions (cations) split from the 

2OH- ions (anions).   

H2O → H2 + 2 OH− 

    

 

 

 

    

There are 4 types of electrolyzers. 

 

Alkaline (ALK) 

The alkaline water electrolysis has a long service life without precious material 

components, that is why it is widely used in industry. 

Its working temperature is 60-80 °C. 

In this process, a reduction reaction occurs at the cathode, meanwhile an oxidation 

reaction occurs at the anode. 
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Proton Exchange Membrane (PEM) 

The PEM electrolysis technology differs from the ALK one mainly for the 

replacement of the asbestos mesh with a proton exchange membrane. 

That membrane conducts protons and isolates the gases of the cathode and anode. 

PEM electrolysers have high current density and efficiency and their operating 

temperature is 50-80 °C. 

Moreover, they adopt a zero gap structure, reducing the volume of the entire system. 

 

Anion Exchange Membrane (AEM) 

AEM electrolytic water technology can only reach kilowatt level, but it solves the 

problem of high cost of hydrogen production by using non-noble metal catalysts and 

titanium-free components. 

This technology is very similar to the Alkaline one for the use of alkaline solutions as 

electrolytes. In AEM the electrolyte concentration is lower and the asbestos mesh is 

replaced by an anion exchange membrane. 
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Solid Oxide Electrolysis Cell (SOEC) 

SOEC is a technology for producing hydrogen at high temperatures, leading to good 

thermodynamics and reaction kinetics. 

The high temperature environment reduces the equilibrium voltage of the battery, 

reducing the power demand. 

It also uses nickel (non-precious metal with high electrical conductivity) to make 

electrodes, in order to reduce the cost of hydrogen production. 

 

Main components 

Water electrolysis system consists of an electrolyser stack, and the balance of plant 

(BOP). 

An electrolyser stack contains multiple cells, consisting of membrane electrode 

assemblies (MEAs), sandwiched between bipolar plates and assembly plates, and 

stacked in series. 

The BOP includes water supply and purification units, water-gas separators, pumps, 

transformers, and rectifiers. 



26 

 

 

 

Efficiency 

- μ is the efficiency of the electrolyser; 

- P is the power of the electrolyser; 

- HHV is the high heating value of the hydrogen; 

- m is the mass flow rate of hydrogen produced; 

 

As we can see in the equation above, the quantity of hydrogen produced is directly 

proportional to the electrolyser efficiency times its power. 

The HHV of the hydrogen is a constant value (3,54 kWh/Nm3). 

The power of the electrolyser is a characteristic of the electrolyser itself, so it is fixed. 

The efficiency depends on the worn of the electrolyser, and it decreases with time. 
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2.3      SCENARIOS 

In this section I will analyze 3 scenarios (STAND ALONE, grid supplied for 100% 

capacity an 100% load factor, HYBRID), that varies the H2 cost of production. 

The main components of this work are a PV (Photo Voltaic plant) and the 

electrolyser. 

The PV can be chosen between 1 MW or 4 MW of power, with a cost of 1 million € 

per MW. 

The electrolyser has a power of 1 MW and a cost of 5 million €. This cost includes 

also electrical power panels, electrical and mechanical connections, compressor and 

storage system. 

For the electrical energy, I took care of the nowadays average PUN. As it was done 

by my colleagues in TechFem, to obtain good estimations, I consider the price of the 

electric energy bought equal to the PUN, meanwhile the price at which it is sold is 

equal to the 80% of the PUN. 

Instead for the price of Hydrogen, in order to make the graph of the PBP (Pay Back 

Period), I considered 13 €/kg, which is the price at which it is sold in the hydrogen 

pump in Bolzano in the Autostrada del Brennero. 



28 

 

Considering that both the electrolyser and the PV plant have a lifecycle of 20 years, in 

order to be considered a good investment the project aims to reach a PBP in less than 

10 years. 

The target production cost is inferior to 7 €/kg in order to be more competitive than 

diesel. Considering the fact that a diesel car run 100 km with 6 litres and that the 

nowadays price of diesel is 1,6 €/l, a driver spends 9,6 € every 100 km. On the other 

hand, due to the high calorific power of the hydrogen, a hydrogen car can run 100 km 

with only 1 kg of H2. If I produce it at less than 7 €/kg I can sell it to the distributor at 

a higher price, and the distributor can sell it at a lower price than 9,6 €/kg. 

For example, if I produce it at 7 €/kg, I sell it to the distributor at 8 €/kg, which it will 

sell to the users at 9 €/kg, I earn 1 €/kg, the distributor earns 1 €/kg, and the user saves 

0,60 € every 100 km. 

Switch ON % 
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The efficiency curve of our electrolyser varies from its capacity. 

As we can see in the figure, it is convenient to switch on the electrolyser only over the 

35 %. 

 

 

PV production 

Production in a typical day of each month in kWh (1MW) 
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Production in a typical day of each month  in kWh (4MW) 

 

 

Parameters 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 50.000 € + energy bought 
CAPEX PV 1.000.000 € per MW power 
OPEX PV 1% of PV CAPEX 

Electric energy bought price 120 €/MWh 

Electric energy sold price 96 €/MWh 

Power of electrolyser (100%) 960 Kw 

Power of electrolyser (35%) 336 Kw 

H2 sold price reference 13 €/kg 
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1) STAND-ALONE 

The stand alone scenario consists in the 100% production of green hydrogen because 

the electrolyser is fed only with the energy produced by the PV power plant. 

The electrolyser is connected to the grid only to sell the energy in excess. 

The electrolyser is switched on only if there is enough energy to reach almost 35 % of 

its capacity. Otherwhise, if the energy produced doesn’t permit to reach the 35 % or it 

permits to reach more than the full capacity, the unused energy is sold to the grid. 

 

1 MW PV 

Example 

 

As we can see in this example, the only data taken in consideration are the 

highlighted ones. 
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For every hour of the day we have the average quantity of energy produced 

for each month. When this energy is higher than 336 kWh (the needed 

quantity for switching on the electrolyser at its 35% of capacity) the 

electrolyser is switched on. Otherwise, if it is inferior to this value, it is 

considered unused energy, and it is immediately sold to the grid. 

 

Final Data 

% GREEN HYDROGEN 100 % 

LOAD FACTOR 30 % 

HOURS WORKED 2679 h 

CAPEX PV 1.000.000 € 

OPEX PV 10.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 50.000 € 

H2 produced per year 26.183 kg 

Excess electric energy per year 280 MWh 

% CAPEX 90,9 % 

% OPEX 9,1 % 

PRODUCTION COST 24,18 €/kg 
 

Pay Back Period (PBP) 
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As we can see in the last picture, there is no payback, because the production cost is 

higher than the sale cost. 

In the last column of the las picture there is the ideal sale prices of the hydrogen in 

order to have a payback period at a desired year. 

In order to be economically sustainable the H has to be sold at more than 24 €/kg, that 

is an unsustainable value. 

 

4 MW PV 

The biggest difference between this scenario and the previous one is that there is 

much more electric energy in excess, and that the electrolyser, when switched on, can 

work at full capacity. 

Example 
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Final data 

% GREEN HYDROGEN 100 % 

LOAD FACTOR 40 % 

HOURS WORKED 3559 h 

CAPEX PV 4.000.000 € 

OPEX PV 40.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 50.000 € 

H2 produced per year 60.648 kg 

Excess electric energy per year 3246 MWh 

% CAPEX 90,9 % 

% OPEX 9,1 % 

Total expenses 10.260.000 € 

PRODUCTION COST 11,18 €/kg 

 

Pay Back Period (PBP) 

 

With this scenario the 10 years investment is concluded with a profit. 

Otherwise, there is a payback period on the last year, and the sale price of H2 

has to be maintain the fixed 13 €/kg price for the H2, that is not so much 

competitive in the market. 
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2) 100% capacity and LF 

In this scenario I wanted to use the full potential of the electrolyser, meaning 

that it works at full capacity 24 hours per day. 

The system is connected to the grid, so, if there isn’t enough energy to swtich 

on the electrolyser, electric energy is bought. 

The % of green hydrogen is lowered, due to the fact that a lot of energy is 

bought from the grid. In order to higher the % of green hydrogen green 

energy should be bought from the grid, but it will be bought at a higher price, 

so it isn’t taken in consideration in these examples. 

1 MW PV 

Example 
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Final data 

% GREEN HYDROGEN 19,28 % 

LOAD FACTOR 100 % 

HOURS WORKED 8760 h 

CAPEX PV 1.000.000 € 

OPEX PV 10.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 864.636 € 

H2 produced per year 157.469 kg 

Excess electric energy per year 0 MWh 

% CAPEX 40,68 % 

% OPEX 59,32 % 

PRODUCTION COST 9,36 €/kg 
 

Pay Back Period (PBP) 

 

In this case there is a payback period at the 6th year, it means that the 

investment is good and that the H2 sale price can be lowered, in order to be 

more competitive in the market. 
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4 MW PV 

In the 4 MW PV scenario less energy has to be bought than the 1 MW one, 

and there is a lot of it in excess to be sold. 

Example 

 

Final data 

% GREEN HYDROGEN 39,84 % 

LOAD FACTOR 100 % 

HOURS WORKED 8760 h 

CAPEX PV 4.000.000 € 

OPEX PV 40.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 657.122 € 

H2 produced per year 157.469 kg 

Excess electric energy per year 3.133 MWh 

% CAPEX 56,36 % 

% OPEX 43,64 % 

PRODUCTION COST 8,23 €/kg 
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Pay Back Period (PBP) 

 

Also in this case there is a positive investment, with a payback on the 6th year. 

Differently from the previous scenario the price at which the H2 will be sold 

can be reduced, as shown in the last column of the figure. 
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3) HYBRID 

In this scenario I wanted to test how the production cost will be affected if the 

electrolyser has a payload of 100% (maximum hours of work) but at lower 

capacities. 

In other words, if there is enough energy to reach the 35 % of the electrolyser 

capacity, it is switched on, if not, it is bought from the grid only the needed 

one to switch it on. 

 

1 MW PV 

Example 
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Final data 

% GREEN HYDROGEN 46,83 % 

LOAD FACTOR 100 % 

HOURS WORKED 8760 h 

CAPEX PV 1.000.000 € 

OPEX PV 10.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 271.138 € 

H2 produced per year 69.653 kg 

Excess electric energy per year 0 MWh 

% CAPEX 68,1 % 

% OPEX 31,9 % 

PRODUCTION COST 12,65 €/kg 
 

Pay Back Period (PBP) 

 

This scenario is not so much convenient, as we can see in the figure. 

The investemtn closes the 10th year with a positive balance, but the payback is 

on the last year and the sale price of H2 cannot be decreased. 
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4 MW PV 

In this case there is also excess energy to be sold when more power than the 

maximum capacity of the electrolyser is reached. 

Having more energy production means that we also have less energy to buy. 

 

Example 

 

Final data 

% GREEN HYDROGEN 67,21 % 

LOAD FACTOR 100 % 

HOURS WORKED 8760 h 

CAPEX PV 4.000.000 € 

OPEX PV 40.000 € 

CAPEX electrolyser 5.000.000 € 

OPEX electrolyser 246.175 € 

H2 produced per year 96.387 kg 

Excess electric energy per year 3.133 MWh 

% CAPEX 75,87 % 

% OPEX 24,13 % 

PRODUCTION COST 9,18 €/kg 
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Pay Back Period (PBP) 

 

Also this scenario is a good one, because there is a payback on the 8th year 

with the standard price of 13 €/kg. 

 

In conclusion, we can say that the best scenario is the 100% capacity one with 

a PV of 4 MW, because the cost of production is the lowest, helping us 

reducing the cost of sale. 

We can also say that the best formula for each scenario is to have a dimension 

of the PV 4 times the dimension of the electrolyser, in order to have 2 

revenues (H2 and electric energy). 

Unfortunately, until you reach a production cost of 7 €/kg, producing 

hydrogen is economically unsustainable. So, the only way to have 

convenience in producing H2 is to abate CAPEX with incentives. 

 



43 

 

Incentive example 

Typically, incentives can abate the CAPEX till the 60 %. 

In this table I examine how incentives of 20 % - 40 % - 60 % can change the 

cost of production of our previous scenarios. 

 0 % 20 % 40 % 60 % 

1 MW SA 24,18 €/kg 20,36 €/kg 16,54 €/kg 12,72 €/kg 

4 W SA 11,18 €/kg 9,54 €/kg 7,89 €/kg 6,24 €/kg 

1 MW HYB 12,65 €/kg 11,21 €/kg 9,78 €/kg 8,34 €/kg 

4 MW HYB 9,18 €/kg 8,15 €/kg 7,11 €/kg 6,07 €/kg 

1 MW 100 % 9,36 €/kg 8,73 €/kg 8,09 €/kg 7,46 €/kg 

4 MW 100 % 8,23 €/kg 7,60 €/kg 6,96 €/kg 6,33 €/kg 

 

As we can see in the table, we have 4 economically sustainable situations 

(highlated ones). 

The more the CAPEX is abated, the more is convenient to install the 4 MW 

PV power plant. Moreover, the more the incentive is higher, the more the 

production cost decreases for the stand alone scenarios, meaning that is better 

to buy as less energy as needed, with the result of having a higher percentage 

of green hydrogen. 
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Only PV 

Anyway, nowadays it is more convenient to produce only electric energy and 

selling it immediately (first because there is a convenient price, second 

because you can surely sold it buy putting it into the grid, avoiding the risk of 

finding final users like with the hydrogen). 

In this example I analyzed an investment of installing only PV (both of 1 MW 

and 4 MW of power). 

For this example I considered a price of sale of 96 €/MWh (as the 80% of the 

nowadays PUN reference). 

Data 1 MW 

Energy produced per year 1.620,95 MWh 

CAPEX 1.000.000 € 

OPEX 10.000 € 

Revenue per year 162.095 € 
 

PBP 1 MW 
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Data 4 MW 

Energy produced 6483,84 MWh 

CAPEX 4.000.000 € 

OPEX 40.000 € 

Revenue per year 648.384 € 
 

PBP 4 MW 

 

 

As we can see from the graphs, the two investments are the same, with a 

positive final balance and a payback period on the 7th year. 

The main difference is that the more you spend, the more you gain. 

It has also to be said that the electric market is dynamic and in continuous 

change, and that during the plant lifetime the price of the energy can have a 

dizzily change. 

In the next chapter, I will analyze a possible and reliable future change of the 

electric market curve. 
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2.4      ELECTRIC MARKET DEPENDENCY 

As we have seen in the first chapter, the electric market has a very dynamic 

trend. 

Because of this, the H2 market has a strong dependency on the price of the 

electric energy, that can significantly varies its cost of production. 

 

PUN 

The PUN (Prezzo Unico Nazionale) is the reference price at which the 

electric energy is bought at the wholesale. Deeper, it is the weighted average 

of the zonal sale prices for every hour of every day. 
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In the previous picture there are all the data relative to the PUN of the last 20 

years. 

As we can see the minimum and the maximum values are really unstable. 

Meanwhile the average price has a slightly decreasing wave trend. Indeed 

from 2004 to 2020 the price decreased of more than 10 €/MWh. 

Unfortunately in the last 3 years there were two accidents that changed its 

trend. First, COVID-19 and lockdown of 2020 had the effect of rising the 

PUN price for all the 2021. Then, in February 2022 there was the outbreak of 

the war in Ukraine, that affected all the energy markets. 

Nowadays the price is more or less levelled to 120 €/MWh, but the biggest 

hypothesis is that it will start to decrease again due to the fact that renewable 

energies plants are increasing, meaning that the quantity of energy produced 

is higher day by day. 

 

 

POSSIBLE TRENDS 2026-2045 

Due to the increase of electric production and the global aim of sustainability, 

the price of electric energy is going down year by year. 
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In the next figures future forecasted data of the electric price are shown.  

 

 GREEN = raw material  (PUN) 

 PINK = network charges 

 BLUE = surcharge 

 ORANGE = total 

 

The green prices are related to the price of the PUN (which is the variable 

one), meanwhile the pink and the blue ones are the constant prices for 

transport. The orange one is the sum of the three above. 
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Inversion of curve 

The more predictable scenario is the so called inversion of electric market 

curve. 

As it literally says, the nowadays electric sale price curve will be put upside 

down, in order to have a lower price during the day, and a higher price during 

the night. 

 

Future inverse curve 

 

If this scenario will take place, we would have a much more competitive price 

for the hydrogen. 

As you can see, the maximum price of energy in that day is 95,47 €/MWh, 

meanwhile the minimum one is a 0,62 €/MWh, meaning that during the 

central hours of the day the energy is near to being gratis. 

In the next table I show how the cost of production of hydrogen will be 

affected by the lowering of the PUN from 120 €/MWh to 55 €/MWh. 
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Change of scenarios 

 120 €/MWh 95 €/MWh 75 €/MWh 55 €/MWh 

1 MW SA 24,18 €/kg 24,39 €/kg 24,56 €/kg 24,73 €/kg 

4 MW SA 11,18 €/kg 12,25 €/kg 13,11 €/kg 13,97 €/kg 

1 MW HYB 12,65 €/kg 11,99 €/kg 11,46 €/kg 10,93 €/kg 

4 MW HYB 9,18 €/kg 9,41 €/kg 9,59 €/kg 9,77 €/kg 

1 MW 100 % 9,36 €/kg 8,29 €/kg 7,42 €/kg 6,56 €/kg 

4 MW 100 % 8,23 €/kg 7,83 €/kg 7,50 €/kg 7,18 €/kg 

 

As shown in the table, the 1 MW PV scenarios have a decrease in the cost of 

production (except from the stand alone one, because the excess energy is 

sold at a very low price), meanwhile the 4 MW ones has an increase (except 

the 100 % one, because in this case we produce a very higher quantity of 

hydrogen compared to the hybrid and the stand alone). 

This is explained by the fact that with the 1 MW scenarios we have to buy 

energy, that is cheaper with the collapse of the PUN, and with the 4 MW one 

we have also to sell it, and in this case it is sold at a very low price. 

Moreover, if the hydrogen will be competitive in the market, there will also be 

a lot of incentives to produced it, reducing the CAPEX, and so the cost of 

production. 
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Incentive + PUN Example 

In this example I analyze how much the cost of production would be lowered 

with an incentive of 20 % - 40 % - 60 % of the CAPEX of the electrolyser 

combined with the hypothetical decrease of the PUN (I put three standard 

values following the previsions of the previous chapter for the 2026-2045:   

95 €/MWh as forecasted for 2020s, 75 €/MWh as forecasted for 2030s, and 

55 €/MWh as in the “inversion curve” scenario). 

Taking into account only the scenarios that decrease with the lowering of the 

PUN (1 MW HYB, 1 MW 100%, 4 MW 100%), with the strong abatement of 

the CAPEX, the cost of production of H2 is significantly reduced. 

For the next tables, the % on the abscissa is the incentive on the H2 capex, the 

prices on the ordinate are the average prices of the PUN. 

 

1 MW HYB 

 0 % 20 % 40 % 60 % 

120 €/MWh 12,65 €/MWh 11,21 €/MWh 9,78 €/MWh 8,34 €/MWh 

95 €/MWh 11,99 €/MWh 10,55 €/MWh 9,12 €/MWh 7,69 €/MWh 

75 €/MWh 11,46 €/MWh 10,02 €/MWh 8,59 €/MWh 7,15 €/MWh 

55 €/MWh 10,93 €/MWh 9,49 €/MWh 8,06 €/MWh 6,62 €/MWh 
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1 MW 100% 

 0 % 20 % 40 % 60 % 

120 €/MWh 9,36 €/MWh 8,73 €/MWh 8,09 €/MWh 7,46 €/MWh 

95 €/MWh 8,29 €/MWh 7,65 €/MWh 7,02 €/MWh 6,38 €/MWh 

75 €/MWh 7,42 €/MWh 6,79 €/MWh 6,15 €/MWh 5,52 €/MWh 

55 €/MWh 6,56 €/MWh 5,93 €/MWh 5,29 €/MWh 4,66 €/MWh 

 

4 MW 100% 

 0 % 20 % 40 % 60 % 

120 €/MWh 8,23 €/MWh 7,60 €/MWh 6,96 €/MWh 6,33 €/MWh 

95 €/MWh 7,83 €/MWh 7,19 €/MWh 6,56 €/MWh 5,92 €/MWh 

75 €/MWh 7,50 €/MWh 6,87 €/MWh 6,23 €/MWh 5,60 €/MWh 

55 €/MWh 7,18 €/MWh 6,54 €/MWh 5,91 €/MWh 5,27 €/MWh 

 

Every highlighted case (considering the fact that under 7 €/kg the hydrogen is 

economically sustainable) will be very competitive in the market.  

As analyzed in the previous chapters, the more the CAPEX is abated, the 

more power is better to install. On th eother hand, the more the PUN 

decreases, the more is better to produce as much hydrogen as possible. 

Summarizing all, the best scenario in order to be more dynamic in the market 

is the 4 MW 100% one, which have the maximum production of hydrogen 

with a pretty good percentage of green one (~40%), but also a lot of electric 

energy in excess to be sold. 
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Only PV inconvenience 

With this new trend of the electric market we can also see that it is not 

convenient anymore to produce only electric energy. 

In this part I analyze how the decrease of the PUN will affect the scenario of 

the only PV plant (for convention I show only the 1 MW one because as we 

have seen in the previous example the 4 MW has the same results multiplied 

by 4). 

95 €/MWh PUN 

 

75 €/MWh PUN  
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55 €/MWh PUN 

 

As we see in the graphs, the balance is negative for every year, except for the 

95 €/MWh scenario. 

If the previsions of the change of the PUN for the next year will be correct, it 

is convenient to produce only electric energy till 2028, when the PUN 

remains over 90 €/MWh.  
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SMART HYDRO 
 

The Smart Hydro project is a project realized by TechFem that aims to the 

smart production of hydrogen. 

The aim of the factory is to produce green hydrogen at the lowest possible 

price, following in real-time the electric market changes. 

Moreover, with the digital twin system, it can also be monitored the state of 

every component, in order to change the asset of the project in real time, 

having the maximum automation possibilities. 
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3.1     COMPONENTS 

PV 

First, in order to be green hydrogen, we need to produce electric energy. 

So, as we have seen in the scenarios 

of chapter 2, the project starts with a 

Photovoltaic plant of a determined  

power. 

The PV plant is also connected to the 

grid, in order to exchange energy in both ways (to sell it if it isn’t needed or to 

buy it if it is missing). 

 

WATER 

The main feed to produce H2 with electrolysis is water (H2O). 

In the P&I we will see an entire 

package dedicated to the 

treatment and transport of H2O, 

because it has to be purified, 

stocked, and then pumped in the electrolyser in the desired quantity. 
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ELECTROLYSER 

As we have seen in chapter 2, the main component of the project is for sure 

the elctrolyser. 

The elctrolyser process is composed by more than one component. 

 

As we see in the picture, this boxes are composed by a lot of components. 

First, we can see that they are divided into the process container and the 

power container. 

The process container is the part that contains all the process equipment: 

- Gas generating system and cell stacks 

- Water purification system 

- Demineralized water polishing system 
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- Gas & electrolyte cooling system 

- Instrument air compressor 

- Hydrogen purification system 

- Power and control panels 

The power container instead, includes all the power management equipment: 

- Medium voltage switch gear 

- Medium voltage transformer 

- Rectifier 

- Distribution panel 

- Auxiliary power supply 

 

In order to have a good functioning of the electrolyser, we have to calculate 

its main parameter: the efficiency. 

 

 

The previous formula is the electrolyser characteristic equation, which 

calculates the mass flow rate of H2 produced, proportionally to the efficiency 

of the electrolyser and the electric power fed. 
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COMPRESSOR 

After the hydrogen is produced, in order to 

be stocked, it has to be compressed. 

In this project the compressor compresses 

the H2 from 35 bar to 220 bar. 

The stocking pressure is very high, and if 

we consider its flammable characteristics, the H2 is so delicate to be treated. 

Also for the compressor its main parameter is the efficiency, because it 

determines how much hydrogen can be compressed to the desired pressure 

without having losses. 

 

 

Another important parameter in this case is the temperature. 
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STOCKAGE 

After the H2 is compressed, is than 

stocked in tanks. 

As seen in the picture there are stack 

of tanks, which are put in an isoletad 

zone, in order to be protected from free flames. 

 

FC 

The last part of the project, used only in special cases, is the Fuel Cell. 

The FC consists in the inverse procedure of the 

electrolysis, recombining hydrogen with oxygen, in 

order to obtain water and electric energy. 

Unfortunately, its efficiency is very low (more or 

less 35 %), and, as we will see in the last paragraph 

of this chapter, the use of the FC is limited. 
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3.2      P&I 

In this part we will see the P&I (piping and instrumentation diagram) of the 

project, which describes all the components, how they are linked and which 

logic regulates every emergency. 

The aim of the project is to produce electric energy from the PV plant, then 

use this energy to run the electrolyser fed by the water transport package. 

Once the H2 is produced, it is compressed by the compressor and stacked 

into the tanks. 

Finally, it can be sold or it can be reused to produce electric energy in the FC. 

 

In the first picture we can see the description of all the symbols. 

Then, in the next ones, we can see how every component works (at which 

values, with which valve and in which case). 
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The project functions with an ESD (Emergency Shut Down) logic, which is 

an automatic logic that opens and closes some valves in order to isolate the 

package that creates the problem. 

The ESD logic is divided in three: ESD-00, ESD-01, ESD-LOCAL. 

The ESD-00 is the most powerful, and it is the one that blocks all the process 

with the help of the other two. 

The ESD-01, with the help of the LOCAL, is the one that isolates every 

damaged package without shutting down all the process. 

The ESD-LOCAL is the less powerful one and functions only for simple 

operation (such as opening or closing a valve). 

The ESD logic is mandatory as set in the decree of 7th July 2023. 

Here we are also the main parameters evaluated for every component during 

the process.  
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3.3 DIGITAL TWIN 

A digital twin system (DT) is the virtual representation of a physical entity, 

which can exchange data and information in both synchronous (real-time) and 

asynchronous way. 

The DT can also include all the information related to the entire lifecycle of 

the element it represents. 

Its main components are: 

- Data & Info of the twined element 

- Connection between the physical and the digital parts 

- Big data, machine learning and AI 

- Sensors and actuators for Data & Info exchanges 

 

The DT creates digital simulation models of real entities, which update 

themselves whenever the physical entities they represent are updated, and it 

allows to simulate every possible scenario of what you have to do. 

Its biggest potential depends on the integration of IoT an AI, which gives it 

unlimited knowledge. 
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Description 

The purpose of a DT is to build effective communication between the 

physical world and the information world, using a large amount of data 

collected with experience. 

The needed characteristics to be considered a DT are: 

- Network connectivity 

- Physical entity 

- Virtual entity 

- Synchronization 

- Twinning rate (frequency of synchronization) 

- Processes 

- Fidelity (accuracy) 

- Replication 

- Persistency 

- Composability 

- Modularity 

The concept of DT has most recently been recognized as a disruptive 

technology that can completely alter the operations, security, and 

manufacturing tendencies of a cyber-physical system. 
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DT provides an innovative way to gather insights, optimize performance, and 

make data-driven decisions in real-time by developing virtual representations 

of physical objects, systems, and processes. 

A DT is fundamentally dependent on the datasets it generates in order to 

predict the behavior, enhance intrusion detection, and improve the 

performance of its physical equivalent. Equally, physical objects generate 

datasets via network devices, sensors, measurements, and observations, which 

are crucial for overseeing and managing their operations and further assist in 

predictive intrusion detection. 

This approach saves time, energy, and, most importantly, resources. 

 

Applications 

Several studies have proposed a set of expected features to distinguish DTs 

from other technologies. However, the analysis being held in those works 

establishes a general overview for several application domains. 

 Lifecycle: The DT must be aligned with the lifecycle of the twinned 

system, from design to disposal. In this way, the DT is evolving with 

the system, capturing and storing information throughout the lifecycle 

of the PO. 
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 Safety: The model representation in this application domain vary 

according to the expected functional output of the DT and the industrial 

field. In construction and manufacturing applications, geometric 

models are combined with remote sensors for generating the virtual 

replica. Also ML techniques are used to update the parameters or state 

variables of the physical-based models, evaluating the risk assessment. 

 Emergency management: Geometric models and VR techniques have 

been exploited in the automative industry to support the 

implementation of human-machine interfaces (HMIs). All these stuffs 

are used to manage automatically the emergency cases, either changing 

automatically the asset of the process or giving instructions in order to 

put it in safety. 

 Forecasting: DTs are also of fundamental importance while speaking 

about forecasting. Thanks to the data stored with the experience and 

ML techniques, the DT system can predict future moves, in order to 

asset the process in the most functional way. For example, in the Smart 

Hydro project, it can change the way of H2 production due to the 

weather, the electric market, and the gas market forecasts. 
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Machine Learning (ML) 

The real power of a DT system stays on the ML. 

Machine learning is a branch of the Artificial Intelligence (AI) that uses 

different techniques such as computational statistics, neural links, images 

elaboration and data mining. 

It uses statistic methods to improve algorithms performances, in order to 

make the algorithm autonomous to learn new skills alone, without the help of 

the programmer. 

ML is now used in a lot of fields, such as medicine, industry and information. 

The main method is to create a neural link (equivalent of a physical one) 

organized and projected to learn only specific skills. It needs supervision and 

to be reprogrammed, to change its learning routine. After that, with time it can 

learn specific skills in an autonomous manner and with a high computational 

power. 

ML is also linked to the pattern recognition and to the computational theory 

of learning, and explores the study and the building of algorithms that can 

learn from big data and forecasts. 
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3.4      CAUSE-EFFECT MATRIX 

In this last section we will see the cause-effect matrix of the project, that 

describes how the digital twin will take the decisions. 

As we have seen in the chapter of the P&I, this project uses the ESD logic 

(00-->01-->LOCAL) to open and close automatically the valves that links 

each component. 

For this target, I have analyzed three scenarios. 

The first one consists only in the STAND-ALONE scenario, where the only 

energy used to produce hydrogen derive from our PV plant.. 

The second one introduces the possibility of being connected to the grid. 

The third one is the forecasting one, that takes into account the possible 

scenarios of the next day (in term of electric and gas market and also weather 

conditions). 

- PK1: H2O 

- PK2: ELECTROLYZER 

- PK3: COMPRESSOR 

- PK4: STOCK TANKS 

- PK5: FUEL CELL 

- PK6: ELECTRIC CHARGE  
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1) H2 STAND-ALONE 
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In this scenario the hydrogen produced is only sold to the user. 

As said in the introduction of the paragraph, the ESD logic is firstly used for 

safety, but when everything is safe its main target is maximization of 

production. 

Every valve is linked to a package (as descripted in the P&I) which help 

speeding up the modification processes of the system. 

As you can see in the image, the process follows only one main flow (PV-

>H2O->ELECTROLYZER->COMPRESSOR->TANKS->USER) and if 

something is going wrong the production needs to be stopped. 
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2) H2 connected to the grid 
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In this scenario the main difference is that the electric energy can also be sold 

to the grid. 

In this case, when something goes wrong, the production shouldn’t be 

stopped. For example, if only the compressor is damaged, there is the 

impossibility to store H2 in tanks and sell it to users, but electricity can be 

sold to the grid, changing the process flow. 

On the other hand, the percentage of energy inputted in the grid and how 

much hydrogen wanted to sell to users can be regulated. This decision is 

influenced by the prices and contracts of sale. 
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3) Forecast scenario 



79 

 

This last scenario is an improvement of the first two because you can estimate 

in advance your tomorrow production, without being unprepared to every 

anomaly. 

In this case the flow is regulated in function of the price forecasts of 

hydrogen and electricity, and also in function of the weather forecast of the 

next day. 

For example, if today hydrogen price is low and tomorrow will be higher, the 

process is modeled in order to have full storage tanks, having the maximum 

quantity for tomorrow. 

Another example could be if tomorrow it will rain, meaning that the PV plant 

won’t produce electricity. In this case the hydrogen storage is managed to be 

regulated taking into account the fact that tomorrow there isn’t the possibility 

to produce it. 

Usually, the ESD logic is used only for safety. In these scenarios, indeed, the 

first possible cases studied are all the possible dangerous situations that can 

put the life in risk and also damage the plant. 

On the other hand, as analyzed before, it is also used for directing the 

production of H2 as preferred. In all the three scenarios, in parallel to the 



80 

 

safety and the maintenance of the plant, the main aim of the DT is the 

economical one. 

The first target of the Smart Hydro project, indeed, is to abate the production 

cost of the hydrogen, monitoring the system in function of the changes of the 

markets (electrical and gas ones).   



81 

 

CONCLUSION 

4.1     SUMMARY 

To summarize all this work, I can conclude that the hydrogen is a very 

powerful renewable resource. 

Nowadays, as we have seen in all the graphs in chapter 2, it is still 

economically unsustainable. Fortunately, the European Commission is 

creating a lot of incentives, like the “hydrogen bank”, which incentivizes 

hydrogen production guaranteeing a fixed tariff for every kg produced. 

Moreover, the world of hydrogen is in continuous development. Mainly, it is 

going to be worldwide used for transports (cars, trains, ships). Then it could 

be exploited for having high quantities of stocked energy with the new 

development of safer stocking ways. Last but no least, it would be used 

directly as a gas due its high calorific power (mixed with the GNL in the gas 

grid). 

Due to all these changings and adding the fact that we are going through a 

more sustainable and cleaner world, the hydrogen could be one of the most 

important green energy source for the near future.  
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