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ABSTRACT 11 

In this paper an approach for the determination of the optimal size and management of a plant for hydrogen 12 

production from renewable source (photovoltaic panels) is presented.  13 

Hydrogen is produced by a pressurized alkaline electrolyser (42 kW) installed at the University Campus of Savona 14 

(Italy) in 2014 and fed by electrical energy produced by photovoltaic panels. Experimental  tests  have been carried out in 15 

order to analyze the performance curve of the electrolyser in different operative conditions, investigating the influence of 16 

the different parameters on the efficiency. The results have been implemented in a software tool in order to describe the  17 

behavior of the systems in off-design conditions. 18 

Since the electrical energy produced by photovoltaic panels and used to feed the electrolyser is strongly variable 19 

because of the random nature of the solar irradiance, a time-dependent hierarchical thermo-economic analysis is carried out 20 

to evaluate both the optimal size and the management approach related to the system, considering a fixed size of 1 MW for 21 

the photovoltaic panels. The thermo-economic analysis is performed with the software tool W-ECoMP, developed by the 22 

authors' research group: the Italian energy scenario is considered, investigating the impact of electricity cost on the results as 23 

well. 24 
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NOMENCLATURE  27 

Abbreviation 28 

AEC Alkaline Electrolytic Cell 29 

CCS Carbon Capture and Sequestration 30 

DPBP Discounted Pay Back Period 31 

IRR Internal Rate of Return 32 

NPV Net Present Value 33 

PEC  Purchased Equipment Cost 34 

TCI  Total Capital Investment 35 

TPG  Thermochemical Power Group 36 

W-ECoMP Web-based Economic Cogeneration Modular Program 37 

 38 
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Symbols 39 

C  Cost [€] 40 

F  Faraday constant [C/mol] 41 

HHV  High Heating Value [MJ/kg] 42 

I  current [A] 43 

M  mass flow rate [kg/h] 44 

P  power [kW] 45 

p  pressure [Pa] 46 

Q  flow rate [m
3
/s] 47 

R  gas constant [J/kg K] 48 

T  temperature [K] 49 

V  voltage [V] 50 

 51 

Subscripts 52 

0  standard conditions 53 

f  fuel 54 

fix  fixed 55 

inst  installed 56 

rev  reversible 57 

 58 

Greek symbols 59 

η  efficiency 60 

ρ  density [kg/m
3
] 61 

1. Introduction 62 

The issues related to environmental rules defined in the last years has moved researchers to increase the interest in 63 

innovative fuels able to produce low (or zero) emission conditions. In this scenario, hydrogen is considered interesting 64 

because it is a fuel able to avoid any CO2 emission during combustion [1]. However, since hydrogen is not a natural fuel, it is 65 

necessary to produce it throughout chemical, electrochemical or different approaches. An interesting option for its 66 

production is water electrolysis employing electricity from renewable sources [2][3]. Since renewable sources can produce 67 

significant uncontrollable variations during generation, the electrical energy total available amount can be significantly higher 68 

than the demand values during peak production. Considering these aspects, an interesting solution is related to hydrogen 69 

production (using the exceeding energy) performing a sort of chemical electricity storage. The produced hydrogen flow can 70 

be used for electrical energy generation at high efficiency conditions toward fuel cells and hybrid systems [4]. Even if 71 

previous works were carried out on hydrogen generation from renewable sources considering electrolysers [5][6][6], usually 72 

just nominal performance data are available for these kinds of reactors. So, in this paper the problem was started from a 73 

wide experimental campaign producing electrolyser off-design data not published by manufacturers' communication 74 

documents. Hydrogen generation from renewable sources and the related storage/utilization aspects (considering both 75 

efficiency and cost issues) have to be considered starting from calculations [8][9]. Even if several optimization tools were 76 

applied at different cases [8][9] (both conventional or advanced methods [10][11][12][13][14]) an experimental support is 77 

essential for defining real optimized size and management for real plant applications. So, in this paper a real test case 78 



(considering the experimental electrolyser curves) was carried out on solar power source referred to the campus located in 79 

Savona (geographical coordinates: 44°18ʹ28.71ʺN 8°28ʹ51.66ʺE), Italy.    80 

The Italian generation related to renewable sources is close to 112 TWh: even if the largest amount (52.7 TWh) is 81 

produced by hydroelectric plants, the impact of other renewable sources has significantly increased. Considering the 82 

generation based on renewable sources related in 2000 [15], a strong increase can be highlighted (from 51 TWh to 112 TWh), 83 

mainly for solar energy system installations (+21.6 TWh), wind power plants (+14.3 TWh) and biogas/biomass based systems 84 

(+15.6 TWh), while generation by hydroelectric and geothermal are almost constant. Among the renewable source based 85 

plants installed in Italy, 591,029 systems are photovoltaic plants [15]. They represent a significant number in comparison with 86 

wind power plants (1,386), hydroelectric systems (3,250) and biogas/biomass power plants (2,409). So, considering these 87 

aspects related to the Italian scenario, photovoltaic technology was taken into account as renewable source based electrical 88 

input for the hydrogen generation evaluated in this paper. 89 

The results presented in this paper were obtained in the Research Project named IDRO-RIN TRAN-GENESI and by 90 

the Italian government. It was related to development of innovative technologies for hydrogen generation from renewable 91 

sources (large size plants) and the utilization of this fuel in both land and naval transportations. The main topics related to 92 

this project, presented in Fig. 1, were: (i) H2 production from renewable sources using water electrolysis  [16][17]; (ii) H2 93 

storage devices and management considering both traditional and innovative approaches; (iii) hydro-methane generation 94 

from H2 and CO2 from biomass gasification or Carbon Capture and Sequestration (CCS); (iv) thermo-economic optimization of 95 

plants for generation of hydrogen and hydro-methane, storage systems and utilization devices, considering the availability 96 

aspects and the economic conditions. 97 

 98 

Figure 1 99 

 100 

In this paper, the experimental results of the test campaign performed on the alkaline electrolyser installed at the 101 

University of Genoa campus in Savona are presented and discussed, investigating the influence of the different parameters 102 

on the performance. In the test campaign, the electrolyser is fed by electricity from the national grid and the performance 103 

of the device at different load conditions is evaluated. Then, a thermo-economic analysis is carried out, considering to feed 104 

the electrolyser by time-dependent renewable energy, provided by photovoltaic panels, eventually purchasing electrical 105 

energy from national grid when solar energy is not sufficient. The thermo-economic analysis is performed considering the 106 

real irradiance curves of Savona and using the in-house software W-ECoMP (Web-based Economic Cogeneration Modular 107 



Program) for system optimization to define the optimal plant size and the best management approach for the electrolyser, 108 

minimizing costs as well. 109 

 110 

2. Plant Layout 111 

The plant considered in this work is an experimental facility developed to operate tests on electrolysers. It is a simple 112 

test bench (Fig. 2) able to measure electrolyser main properties (voltage, current, temperature) and hydrogen flow 113 

characteristics (pressure, temperature and mass flow rate). All the probes have a ±1% accuracy, except temperature sensors 114 

which are affected by a ±0.3 K accuracy performance. The rig is also equipped with outlet valves on both hydrogen and 115 

oxygen sides to operate pressurised tests. Moreover, a dryer was installed on the hydrogen line to avoid water drops inside 116 

the mass flow rate probe. While oxygen produced by the electrolyser is simply vented, hydrogen is burned in a torch (see Fig. 117 

2). 118 

 119 

Figure 2 120 

 121 

2.1 Electrolyser 122 

The electrolyser (Fig. 3) tested in this work is the Piel "DODICIMILA" device (since now the production has been 123 

changed, the most similar device is sown inError! Reference source not found. as S12MP) able to produce up to 8 Nm
3
/h of 124 

hydrogen at 99.5% pureness. It is an alkaline electrolyser (AEC) with two stacks connected in series to a current rectifier (from 125 

three phase 50 Hz current). The gases (hydrogen and oxygen) produced from demineralised water are stored into two 126 

different vessels located inside the device case and connected to the delivery ducts. These tanks are necessary to separate the 127 

gases from the liquid containing the electrolyte: the gases are stored in the upper part, while the liquid is recirculated to the 128 

stacks from the lower part of these tanks. Moreover, an equalizer device is installed to have equal pressure values (and equal 129 

liquid level in the vessels) in both hydrogen and oxygen sides and a second device is present to avoid cell damage in case of 130 

not equalized outlet flow rates (oxygen volume flow rate has to be the half of the same property for hydrogen). The correct 131 

balance is obtained discharging a part of one of the produced flows (oxygen or hydrogen) to a venting duct. A fan cooler is 132 

included to maintain the electrolyte temperature lower than 65°C (338.15 K) toward a water flow used to remove heat from 133 

the recirculated liquid flow. Moreover, both gas lines are cooled with a fan and are equipped with the following instruments: 134 

condensate separation devices, manometers and valves to prevent flame return in case of gas ignition. 135 

 136 



Figure 3 137 

 138 

This electrolyser is also equipped with probes for control reasons and fault management. In details, the machine 139 

includes the measurement devices for gas pressure, electrolyte temperature, liquid level in the tanks and electrical current. 140 

All these sensors are connected to the control unit able to manage the current [19] depending on the gas demand, control 141 

(towards an on/off pump) the new water feeding (from an external tank), and start the fan for electrolyte cooling. To 142 

complete this description Tab.1 shows the main technical data related to this electrolyser. 143 

 144 

Table 1 145 

 146 

3. Experimental Tests 147 

Several experimental tests were carried out on this electrolyser Error! Reference source not found. installed in the 148 

test bench in the "Innovative Energy Systems Laboratory" by TPG, planning possible future applications for alternative fuel 149 

analysis (mixing hydrogen with natural gas for existing plants [20][21] after modifications on the combustion systems). The 150 

objective of this experimental campaign was related to the generation of experimental curves to be implemented in the 151 

electrolyser tool of W-ECoMP software [22][23][24], as shown in the next paper section. This new tool will be essential for 152 

optimization management [25] of innovative systems based on hydrogen generation from renewable sources [26][27][28]. In 153 

the experimental campaign, energy to feed the electrolyser is provided by the national electrical grid, in order to control the 154 

off-design conditions and better evaluate the influence of some parameters  (i.e. current) on the performance. 155 

An initial plot (Fig. 4) related to this experimental campaign is the characteristic curve (voltage versus current) of the 156 

electrolyser stack at constant pressure condition. In this case both stacks were at 2.4 bar. The trend is almost linear except 157 

the low current condition usually affected by activation losses [29]. 158 
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Figure 4 161 

 162 



This almost linear trend is also present in Fig. 5 for the efficiency of the electrolyser stack at 3.1 bar calculated from 163 

experimental measurements with Eq.1 (HHV and Nr  are, respectively, hydrogen high heating value and density in normal 164 

conditions and the division by 3600 is necessary because Q is expressed in Nl/h). Since Fig. 6 is composed of more 165 

experimental points (affected by measurement errors) the trend seems to be a bit more oscillating. However, it is clear the 166 

efficiency decrease trend with current increase due to ohmic losses [29] increase that generates a voltage increase. 167 
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Figure 5 170 

 171 

Figure 6 shows the pressure effect on electrolyser stack efficiency. Since the Nernst's potential [29] (Eq.2 for this 172 

electrolysis reaction) is increasing with pressure increase and the pressure effect on losses is not too much significant, the 173 

efficiency decreases with pressure increase. Moreover, Fig. 6 shows the efficiency decrease with current increase already 174 

discussed for Fig. 5. 175 

 176 

Figure 6 177 

 178 

The results obtained from the experimental data, represented in Fig. 5 and 6, allows determining the performance 179 

curves for an alkaline pressurized electrolyser: therefore, they can be implemented in the software W-ECoMP, in order to 180 

perform a realistic thermo-economic analysis of the system in time-dependent conditions throughout the year. 181 

 182 

4. W-ECoMP software for time-dependent thermo-economic analysis 183 

W-ECoMP is an original software developed by the Thermo-chemical Power Group (TPG), at the University of Genoa 184 

[30], for the thermo-economic analysis and optimization of energy systems in time-dependent conditions [31]. It is 185 

characterized by a modular approach and a standard component interface, which allows the user to build complex cycle 186 

configurations in a short time without modifying the core of the program, maintaining at the same time the flexibility and the 187 

extendibility of library components (50 modules are available at the moment). In addition, the analysis of the same plant can 188 

be performed considering different economic scenarios [32][33]. One of the most important features of W-ECoMP is the 189 

possibility of optimizing the plant at two different hierarchical levels: 190 



•  the operating strategy for existing energy systems (low level); 191 

•  the size of one or more components during the plant design (high level). 192 

The two hierarchical levels of optimization in W-ECoMP are shown in Fig. 7. 193 

 194 

Figure 7 195 

 196 

 197 

W-ECoMP is provided with cost equations that evaluate the capital cost of the single components of the plant based 198 

on the installed power. Cost functions are updated periodically in order to consider the development in performance 199 

improvement and market prices as well and allow to calculate the Purchased Equipment Cost (PEC) for each component of 200 

the plant. 201 

In the case under analysis, the cost function implemented for the alkaline electrolyser is extrapolated from market 202 

data, referred to different producers of alkaline electrolysers worldwide [34], as shown in Fig. 8. 203 

 204 

Figure 8 205 

 206 

The cost function for pressurized devices is reported below [22]:  207 

4832.0

, 37455
-××= instAECsfix PC a

        (3) 
208 

The coefficient α takes into account additional costs for auxiliaries: a conservative value of 1.1 was assumed for α in 209 

the present analysis. 210 

The calculation of PEC is performed in one of the three subroutines that describes each module and represents the 211 

first step to calculate the Total Capital Investment (TCI). TCI is highly relevant in the economic analysis of a plant [35]; 212 

however, the final aim is the calculation of the investment profitability. The most important parameters that describe the 213 

profitability of the plant are Net Present Value (NPV) and Discounted Pay Back Period (DPBP), as reported in [22][31][35]. 214 

In order to perform the time-dependent thermo-economic optimization of energy systems, taking into proper 215 

account the variations in energy demands and renewable energy sources (i.e. solar)  availability, the year is divided into an 216 

adequate number of representative periods and energy demands are estimated for each period. 217 

The inputs for the software are: (i) energy demands versus time; (ii) renewable energy sources availability vs time; 218 

(iii) fuel and energy costs; (iv) component capital costs vs. size; (v) operating and maintenance costs vs. time. 219 

In general, the objective of the optimization procedure is the minimization of an objective function [36]: 220 



· At the low level (operating optimization), the size of the components is fixed [36], and the objective 221 

function is represented by the variable costs only;  222 

· At the high level (size optimization), the size of the components has to be determined and the objective 223 

function is represented (the sum of variable and fixed annual costs). 224 

More details about the equations employed for the calculation of the objective function at the different 225 

optimization level are reported in previous publications by the authors [22][23][31][32][33]. 226 

In both cases, the satisfaction of the energy demands throughout the whole year represents the main constraint of 227 

the optimization problem.  228 

 229 

4.1 Plant analysis in W-ECoMP 230 

The plant configuration consists of photovoltaic panels for the production of renewable electricity, to feed the 231 

alkaline pressurized electrolyser. The high amount of oxygen (8 kg for each kg of H2) co-produced by water electrolysis 232 

process is sold to industrial users. Since renewable electrical energy produced by photovoltaic panels is a time-dependent 233 

and not controllable parameter, thus two different scenarios are investigated:  234 

· Scenario 1: the electrolyser is fed only by renewable electricity, when available: in the remaining periods the 235 

production is zero; 236 

· Scenario 2: when solar energy production by renewable electricity is not enough, electrical energy is purchased from 237 

the national grid, in order to assure a constant H2 production. 238 

Plant analysis is performed on one year, taking into proper account the time dependent nature of the solar energy. 239 

The aim of the study is the thermo-economic optimization of the whole system, determining the best size and management 240 

in order to minimize annual costs and obtain the highest revenues [33][35][37][38]. Photovoltaic energy production is 241 

influenced by the hour of the day and by the season. For the present analysis, the irradiance curves related to Savona (North 242 

Italy) have been considered [39] and the average monthly irradiance values have been inserted in the software, as input: 243 

therefore, the analysis has been performed in W-ECoMP considering 12 representative days of the year (an average day per 244 

month). Figure 9 shows solar irradiance values for all the representative days of the year. It is worth noting the strong 245 

influence of the season: in July (summer day), solar irradiance has a peak of 1200 W/m
2
, solar energy is available for 14 hours 246 

and  energy production is about 6.5 kWh/m
2
 day; in March (mid-season day) solar irradiance has a peak of 700 W/m

2
, solar 247 



energy is available for 11 hours and energy production is about 3.8 kWh/m
2
 day; in January (winter day) solar irradiance has a 248 

peak of 300 W/m
2
, solar energy is available for 9 hours and  energy production is about 1.6 kWh/m

2
 day. 249 

 250 

Figure 9 251 

 252 

The Italian economic scenario has been chosen and the following assumptions have been considered: 253 

· Hydrogen selling price: high purity hydrogen selling price can vary in a wide range according to the economic 254 

scenario [1][32][40]. In the present analysis, a selling price of 4€/kg has been assumed. 255 

· Oxygen selling price in the case under analysis is assumed 150 €/ton, which is the minimum selling price for 256 

industrial use of oxygen [31]. 257 

· Electrical energy cost represents a term of primary importance, thus a parametric analysis has been performed in 258 

order to investigate its influence on the economic results. The average current market price in Italy is about 50 259 

€/MWh [41]. However, considering that the most of electricity from the grid would be purchased in night hours, 260 

when the prices are usually lower, three different energy costs of 30 40 and 50 €/MWh have been considered, 261 

evaluating their influence on the results. 262 

· Plant life has been assumed equal to 15 years. 263 

· Inflation rate in Italy is equal to 0.4%, as reported in [42]. 264 

· Average income tax in Italy is equal to 22%, as reported in [42]. 265 

5. Economic results 266 

The analysis has been performed considering a fixed size of 1 MW of photovoltaic panels installed, with a typical 267 

value of electrical efficiency of 17%. Even if more complex models are possible for photovoltaic panels, in this work the 268 

energy conversion rate has been maintained constant for all the periods (considering just the mentioned efficiency value), as 269 

usually carried out in similar optimization works [33]. All the other aspects are included in the input curves. This simplified 270 

approach is usually able to produce reliable results for analyses related to global values, such as calculation of plant size and 271 

thermo-economic results. The aim of the thermo-economic analysis is to evaluate the optimal ratio between the size of the 272 

photovoltaic plant and the electrolyser, minimizing the value of the Discounted Pay Back Period.  273 

Scenario 1 274 

The first analysis  has been performed considering to feed the AEC only with the electricity produced by the solar 275 

source, when available; in the remaining periods the device is shut down. Starting from the solar availability curves 276 

represented in Fig. 9, for each period of the year, the model calculates the electrical energy outlet as the product of 277 



irradiance and installed area, corrected with panel efficiency. The operative equivalent hours are calculated by the software 278 

as the ratio between annual electrical energy produced (or consumed in case of the electrolyser) and installed power. 279 

   Fig. 10 shows the results of the simulations from the energetic standpoint, considering the number of 280 

equivalent hours of the AEC for different sizes: since electrolysers present high investment costs, it would be convenient to 281 

have an high number of operative hours, in order to increase revenues from H2 production and  allow for lower DPBP. On the 282 

other hand, it is worth remarking that specific investment costs are significantly higher for lower sizes of AECs: as Fig. 8 283 

shows, investment costs are about 2,500 - 3,000 €/kW for small size electrolysers (<100 kW), while they are about 1,500 284 

€/kW for medium-large sizes (500 - 1,000 kW). Fig. 10 shows that small size AECs would present an acceptable number of 285 

operative hours (higher than 3,000): however, on account of their high capital cost, they would not represent an acceptable 286 

investment; on the other hand, large size AECs would be operative for less than 1,500 hours, therefore they would not 287 

represent a worthy solution as well. In this scenario, the analysis performed by W-ECoMP software has shown that DPBP 288 

would be higher than 15 years (assumed as plant lifetime) for each size considered, representing a not economically viable 289 

solution: the results for this scenario are summarized in Tab. 2. It is worth remarking that electrical operative equivalent 290 

hours, shown in Fig. 10, are the ratio between electrical energy and AEC installed power reported in Table 2.  291 

 292 

Figure 10 293 

 294 

Table 2 295 

 296 

Scenario 2 297 

The situation is different considering to purchase electricity from the national electrical grid when solar energy is not 298 

available, in order to have the AEC operative all the year continuously, increasing H2/O2 production and revenues. Moreover, 299 

this solution would allow avoiding frequent on/offs of the device throughout the year, that would decrease AEC lifetime. For 300 

each period of the year, the software W-ECoMP compares the electrical input required by the electrolyser and the electrical 301 

energy produced by solar panels: when the available energy is lower than the size of the AEC, the difference is purchased 302 

from the grid. Fig. 11 shows the DPBP trends for three different electricity prices of 30 40 and 50 €/MWh: the average 303 

electricity price in Italy is 50 €/MWh, as reported in [41]; however, since photovoltaic plants work in day hours, when prices 304 

are higher, the assumption of considering lower prices, typical of night hours, is realistic. Since AEC life is 15 years, solutions 305 

with a DPBP higher than 10 years are considered not profitable. Fig. 11 shows that the most profitable results are obtained 306 



for higher AEC sizes, since the capital investment is significantly lower, as reported in Fig. 9; it is worth noting that AEC sizes 307 

higher than 200 kW allow acceptable DPBP (lower than 7 years). For smaller sizes (lower than 100 kW), the influence of 308 

electricity price becomes more evident: in a low-cost energy scenario (30 €/MWh), the investment would be still profitable, 309 

allowing a DPBP lower than 10 years; for higher energy prices (40 - 50 €/MWh), DPBP would be significantly higher: these 310 

configurations are not considered economically viable. It is worth noting that the trend of the DPBP is similar to the trend of 311 

capital costs of AEC, shown in Fig. 8: this fact confirms that, because of the high capital costs, the best solution is installing a 312 

larger AEC, even if the number of operative hours would decrease and the amount of electricity purchased by the national 313 

grid would be higher. From the energetic standpoint, it is worth remarking that not the entire amount of H2 is produced by 314 

renewable sources: the percentage of H2 produced by energy from photovoltaic panels depends on the electrolyser capacity: 315 

it is 40% for a 70 kW AEC, 32% for a 200 kW AEC, 28% for a 300 kW AEC, 22% for a 500 kW AEC. Therefore, despite installing 316 

a larger AEC guarantees the best economic results in terms of DPBP (Fig. 11), the percentage of H2 produced by renewable 317 

energy decreases.  318 

 319 

Figure 11 320 

 321 

Figure 12 reports the comparison between TCI and NPV for different electricity prices and for  the different sizes of 322 

AEC considered. TCI is not affected by electricity cost. For low AEC sizes, NPV is lower than TCI, showing that the investment 323 

is not profitable. At higher AEC sizes, NPV is always superior than TCI: the investment is reliable and profitable. It is worth 324 

noting the influence of electricity price: considering the 500 kW size, the NPV/TCI ratio is 2 for low energy scenario, 325 

decreasing to 1.5 and 1 for medium and high price scenarios. The influence becomes even more evident for higher sizes. 326 

 327 

Figure 12 328 

 329 

Finally, it is worth considering that economic results, for both the scenarios, are affected by the productivity of 330 

photovoltaic panels, which depends on plant location: installing the same plant in Agrigento (Sicily - South Italy), an average 331 

increase of about 15% in terms of irradiance is provided, as reported  in the Italian solar atlas website [39]. The increase in 332 

terms of solar energy production is related to the geographic coordinates of this second location (37°18ʹ39.87ʺN 333 

13°34ʹ35.57ʺE) that show a significant lower latitude in comparison with Savona. Therefore, electricity purchasing by national 334 

grid and the associated costs are reduced. Thanks to the flexibility of W-ECoMP software, the same plant can be analyzed in 335 

different scenarios, comparing the economic results (i.e. for different irradiance or electrical energy costs). Figure 13 reports 336 



the DPBP trends for Savona (North Italy) and Sicily (South Italy), for different AEC sizes, considering 50 €/MWh as electricity 337 

price; the trends are similar, but installing the same plant in a more favorable location in terms of irradiance allows to obtain 338 

most profitable results: in particular, it is worth noting that smaller sizes AECs, not economically viable in Savona scenario, 339 

would be feasible in Sicily, where irradiance is higher and electricity purchasing is reduced. From the energetic standpoint, 340 

the percentage of H2 produced by energy from photovoltaic panels is obviously increased: it is 43% for a 70 kW AEC (40% in 341 

Savona), 35% for a 200 kW AEC (32% in Savona, 24% for a 500 kW AEC (22% in Savona).  342 

 343 

Figure 13 344 

6. Conclusions 345 

This paper aimed to optimize a plant for hydrogen production by a pressurized alkaline electrolyser fed by 346 

renewable energy (PV panels), determining the optimal size and management of the system. Since the time-dependent 347 

nature of the renewable solar energy, the performance of the system was investigated using the W-ECoMP software for the 348 

thermo-economic analysis of energy systems over the year, developed by the Authors research group. The off-design 349 

performance curve of the electrolyser installed in the University campus of Savona (Italy) was obtained by the experimental 350 

results carried out in the framework of the IDRO-RIN TRAN-GENESI research project and then implemented in W-ECoMP. The 351 

main results obtained in this work may be resumed as follows: 352 

· The experimental tests show that electrolyser efficiency increases as the current decreases with an almost linear 353 

trend; reducing pressure has a positive influence on efficiency. 354 

· The thermo-economic analysis showed that, using only energy produced by the PV to power AECs, when available, 355 

and keeping the machines off for the remaining periods (scenario 1),  is a not economically viable solutions for the 356 

high investment costs of the AEC and the low number of operative hours (about 2,400  hours per year). 357 

· On the other hand, considering to purchase electricity from the grid when solar energy is not sufficient (scenario 2), 358 

good results are obtained, in terms of both DPBP and NPV, for large size ( 200 kW) electrolysers. 359 

· Since the specific investment costs of the electrolyser is higher for small sizes, the best economic results had been 360 

obtained for 800 kW size; in a low electricity cost scenario (30 €/MWh), DPBP is about 5 years and NPV to TCI ratio is 361 

equal to 2, which represents a worthy result. It is worth noting that, since the nature of solar energy, most of the 362 

electrical energy is purchased by National grid in night hours, when market prices are typically lower: taking into 363 

proper account this aspect, specific energy contracts may be signed with the National government, allowing for a 364 

lower price for electrical energy purchasing. 365 



These results show a good potential for hydrogen generation from renewable sources: in particular, considering 366 

coupling PV panels and an alkaline electrolyser, the results show the importance of evaluating the best size of the two 367 

systems, considering carefully the influence of the scenario, in terms of both electrical energy cost and operative hours for 368 

the solar panels.  Finally, it is worth noting that  the present thermo-economic approach can be employed for sizing similar 369 

systems located in other scenarios, considering different irradiance solar curves and the integration of the components with 370 

other renewable generators as well (i.e. hydroelectric plants, wind turbines).  371 
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9. Figures and captions 468 

 469 

Figure 1: IDRO-RIN TRAN-GENESI project: main topics. 470 
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 473 
Figure 2: Plant layout. 474 
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 477 
Figure 3: Picture of the electrolyser (a) and some external components installed for measurement reasons (b). 478 
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Figure 4: Constant pressure (p = 2.4 bar) characteristic curve of the electrolyser stack. 481 
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Figure 5: Constant pressure (p = 3.1 bar) efficiency of the electrolyser stack. 485 
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Figure 6: Efficiency of the electrolyser stack: pressure influence. 489 
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Figure 7: Optimization strategies implemented in W-ECoMP [30]. 491 
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Figure 8: Cost function for commercial alkaline electrolysers [34]. 495 
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 498 
Figure 9: Solar irradiance curves for some representative days (Savona, Italy). 499 
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Figure 10: Operative equivalent hours for different AEC sizes. 507 
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Figure 11: DPBP vs electrolyser size for different electrical energy costs. 513 
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Figure 12: TCI and NPV vs electrolyser size for different electrical energy prices. 519 
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Figure 13: DPBP vs electrolyser size for different climates (North and South Italy). 522 
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Table 1: Main technical data for Piel "DODICIMILA" electrolyser [18]. 

Property Value 

Operative pressure (relative) 1.9-4 bar 

Ambient temperature 5-35°C (278.15-308.15 K) 

Gas pureness 99.5% 

Nominal hydrogen flow rate 8000 Nl/h 

Nominal oxygen flow rate 4000 Nl/h 

Nominal consumed electrical power 42 kW 

Nominal water consumption 6.4 l/h 

Weight 870 kg 

 

Table 1



Table 2: Energetic and economic results (scenario 1). 1 

 2 

Installed power 

[kW] 

Solar energy to 

AEC [kWh/year] 

H2 

production 

[kg/year] 

TCI [€] 
DPBP 

[years] 

20 78,000  1,480 78,000  > 15 

50 187,660 3,570 166,000  > 15 

70 254,110 4,830 218,000  > 15 

200 575,940 10,940 513,000  > 15 

300 735,970 13,980 714,000 > 15 

500 947,330 18,000 1,083,000 > 15 

800 1,102,940 20,960 1,589,000 > 15 

 3 

 4 

Table 2


