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Abstract 

The energy transition toward a decarbonized civilization has to be driven by 
renewable energy sources (RESs). Their installed capacity is anticipated to expand 
significantly to solve the issues of the depletion of fossil fuels and the mitigation 
of greenhouse gas emissions. However, the fluctuating behaviour of variable RESs 
makes it difficult to integrate them into electrical networks. Electrical energy 
storage hence becomes essential to address the RES-related difficulties. H2 is 
becoming one of the most prominent choices for energy storage. Consequently, 
green H2 production using water electrolysis has become the subject of many 
recent researches. Studies are mainly focused on cost reduction via performance 
improvement and degradation limitation.  

In the current work an experimental test rig was built at Environmental Park 
of Turin. It aims at the characterization of electrochemical devices for the 
production of hydrogen. This electrochemical test station is designed to enable 
testing of low temperature electrolytic devices (up to 150°C and 30 bar) both with 
anionic and cationic electrolyte cells and from individual electrolytic cells to small-
assembled cells called stacks. 

To be able to deeply study the degradation phenomena starting from the 
technology level in each P2P system component, accelerated experimental 
degradation tests were designed and series of tests have been arranged on low-T 
PEM cells. In order to have all the necessary information about the cells, 
commercial MEA with acidic chemistry were chosen and assembled in the 
laboratory using the separated anode and cathode side. Industry standard Nafion 
membranes (Nafion 115 and 117) and gas diffusion layers were used. The 5X5cm 
single cells were put under test inside a housing connected to the electrochemical 
test bench which can control the relevant test variables such as temperatures, mass 
flow rates and pressures. Cells were characterized by the resultant voltage-current 
polarization curves and electrochemical impedance spectroscopy (EIS).  
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Chapter 1. Introduction 

The European Commission's energy and environmental policies throughout the 
past few decades have proven the requirement of decarbonizing processes and 
subsequently reducing greenhouse gas emissions (GHG) in order to electrify 
systems and improve energy efficiency[1] Because of the rising usage of fossil 
fuels and changing standards of living, there has been an increase in both global 
energy consumption and global warming.[2] For this reason, the Paris Agreement 
was signed by the 195 nations in the 21st Conference of the Parties (COP21).[3] It 
suggests cutting greenhouse gas emissions by 40% in 2030 compared to 1990 
levels in order to keep the rise in the world average temperature below 2 °C and 
get it down to 1.5 °C in the future years.[4] It's crucial to minimize greenhouse gas 
emissions in order to obtain net zero CO2 by 2050 if we want to accomplish this 
aim. This entails a phase of decarbonization and a decline in energy use. [3] Since 
fossil fuels are still a major part of the world's energy output, the path to 
accomplishing this objective will be quite challenging.[4] A policy built on a long-
term transformation of the energy industry becomes crucial as a result. The shift 
focuses on renewable energy sources (RES) and low-carbon technologies 
including carbon capture and sequestration (CCS).[5] These are crucial toward the 
transition to a more sustainable, attractive, and safe world and play an important 
part in it.[1] Through the use of CCS, CO2 from industrial processes is separated 
and captured before being delivered to long-term underground storage facilities. 
This facilitates a decrease in CO2 emissions and speeds up the process of 
environmental protection. On the other hand, RES have the potential to create a 
sustainable world that is not dependent on fossil fuels.[5] But in order to satisfy 
demand, these have sporadic properties that call for the usage of energy storage 
devices.[6] Energy storage technology can provide an excellent way to complete 
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the electrification process, increase the grid's performance, and achieve both grid 
independence and electrification. Since the generated energy is stored and used as 
needed, this technology can actually be linked with the primary energy production 
techniques to meet energy demand at any time.[5] Power-to-Hydrogen technology 
is the finest option in this regard because it allows for the storage of generated 
electricity as hydrogen. This is how the coupled system of RES and energy storage 
can help to reduce greenhouse gas emissions and offer a reliable and affordable 
energy source.[7] 

1.1. Energy storage and hydrogen 

The growing use of renewable energy sources and the general trend toward 
increased electrification necessitate the creation of more complex and effective 
power grid management and energy storage systems. Electrical energy storage 
(EES) systems are anticipated to become important energy infrastructures for both 
grid-connected and off-grid applications as they improve their ability to handle the 
fluctuating and unpredictable character of new renewable sources (i.e., wind and 
solar). The primary roles the EES will focus on are storing electricity during off-
peak hours and supplying it during peak hours, which can cut overall generating 
costs. It is also possible to maintain power quality, voltage, and frequency by 
supplying or absorbing power from the EES as needed. reducing network 
congestion, supplying reliable electricity for off-grid installations and supplying 
power during a power outage. 

Mechanical, electrochemical, chemical, electrical, and thermal storage 
systems are the different types of EES systems.[8][9] The most popular mechanical 
storage technologies are flywheel energy storage (FES), compressed air energy 
storage, and pumped hydro storage (PHS). Lead-acid, NiCd/NiMH, Li-ion, metal 
air, sodium sulfate, and sodium nickel chloride are examples of secondary 
batteries. Redox flow and hybrid flow are examples of flow batteries. The 
hydrogen atom serves as the foundation for chemical energy storage. Once 
hydrogen is produced, it can serve as a versatile energy carrier, and further 
conversion processes enable the storage of energy in a variety of gaseous and liquid 
synthetic fuels and chemicals in accordance with certain power-to-X (P2X) routes. 
The electrical-type of storage includes superconducting magnetic energy storage 
(SMES) and double-layer capacitors (DLCs). The storage of sensible heat, storage 
of latent heat, and thermo-chemical adsorption/desorption processes are the final 
three categories of thermal storage systems. The EES systems that were just briefly 
discussed each have unique characteristics in terms of storage capacity, energy 
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density, power density, discharge time, self-discharge rate, and cyclability that 
make them each suited for a particular application[10][11]. The various EES 
typologies are thus complimentary rather than competitive possibilities to supply 
storage services in various application areas. 

When compact and short-term energy storage are required, batteries are the 
best option. Instead, chemical storage is anticipated to be used primarily for large-
scale and longer-term energy storage solutions, which will most likely be needed 
in the coming years where a significant introduction of RES is anticipated. In more 
detail, the following characteristics distinguish the chemical storage option as a 
promising tactic: high storage capacity, high volumetric storage density, provision 
of system stabilization services, negligible self-discharge losses, flexibility to site 
topography, and potential for decentralized applications. With regard to the 
conventional long-term, high capacity PHS solution, the last two characteristics 
represent the greatest benefit. The power-to-hydrogen (P2H) route, which is the 
initial part of the entire power-to-X system, may produce hydrogen, which is the 
simplest energy carrier.[12][13] 

Hydrogen is the most important energy carrier as it is clean and sustainable. 
Its energy density is 140 MJ/kg -higher heating value (HHV)- which is almost three 
times of solid fuels (50 MJ/kg).[6] Depending on the various production processes, 
hydrogen can be distinguished by its various hues. Green hydrogen, blue hydrogen, 
gray hydrogen, and turquoise hydrogen. [14] Gray hydrogen is produced from 
fossil fuels, such as coal or steam methane reforming (SMR). In order to lower 
CO2 emissions, SMR also uses CCS to produce blue hydrogen. It promotes the 
growth of the hydrogen market over gray hydrogen generation. Starting with the 
pyrolysis of natural gas, turquoise hydrogen is created without the creation of 
carbon dioxide. Through the electrolysis procedure, green hydrogen is created from 
RES.[5] [15] It follows that green hydrogen is the greatest option because it is clean 
and doesn't produce the emissions that other hydrogen generation methods do.[15] 
Since it can be produced using renewable power, it can aid in integrating significant 
amounts of variable renewable energy (VRE) into the energy system since 
hydrogen serves as an energy storage medium. The cost of production will decrease 
in the future because to ongoing research and development, although hydrogen is 
not yet that economically competitive. The primary component in an energy shift 
that starts with the generation of renewable electricity will be hydrogen. As a result, 
it will be possible to produce the hydrogen needed for the decarbonization 
process.[4] In industrial operations like fuel cells, the chemical industry, and the 
refining of petroleum, hydrogen is used in significant amounts. The many methods 
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for producing hydrogen are depicted in Figure 1.1[2]. Most recently, non-
renewable energy sources like SMR have been used to produce hydrogen. 
However, as the hydrogen produced via these processes has a low purity, other 
technologies, including water electrolysis (WE), are being improved. [2] [4] [16] 

 

Figure 1.1 Different Hydrogen production method [2] 

1.2. Electrolysis  

The theory of water electrolysis came out from the work of Alessandro Volta when 
invented the pila in 1800. [17] The WE is an endothermic process that involves 
introducing a water molecule into a cell and using electricity to cause 
electrochemical water splitting, which results in the creation of a molecule of H2 
and one-half of an O2 molecule. At first, it wasn't utilized for the commercial 
production of hydrogen. Instead, WE attracted a lot of attention in relation to PEM 
electrolyzers to produce oxygen for the use in spacecrafts and submarines. 
Actually, due to the Suez oil crisis (1956-7), which stimulated interest in 
alternative energy, the first hydrogen synthesis via electrolysis reaction appeared 
in 1960.[18][19] In those years, General Electric overcame the AWE issues by 
researching a novel design of WE cells based on a solid polymer electrolyte 
(SPE).[20] PEM water electrolysis is yet another name for what they found; a 
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cathode side, where water is reduced to create H2.[2] [17]  The main benefit of this 
type of electrolyzer is that it operates at a higher temperature than low temperature 
electrolyzers, but it also has stability and degradation issues.[2] PEM fuel cell and 
PEM water electrolysis are both very similar technologies. This technology is 
appropriate since it works to balance the electricity grid as a result of RES 
fluctuation. Because of its flexibility, it can run on a variety of loads.[17] Today, 
the PEM water electrolysis represents one of the best solutions for the future. [7] It 
operates at a higher current value than AWE and enables the use of thinner 
membrane allowing lowering costs. As a result, the PEM has the advantage of 
working at higher current and voltage levels, resulting in a faster grid system 
response. The problem with this technology is the high cost of the components that 
make up the entire cell, as well as the corrosive acid regime in which it 
operates.[21] 

As previously stated, the commercially available electrolysis technologies 
are PEMWE and AWE, with SOEC still in the early stages of development. AWE, 
in particular, is a more mature technology than others, but it has several 
disadvantages that contribute to the adoption of PEM technology for both O2 and 
H2 production. [2] 

At the moment, AWE is the simplest, most developed, and cheapest 
technology for producing Hydrogen and Oxygen, but it has some efficiency issues. 
Because of this, research is focused on improving the system's robustness, safety, 
and reliability. The corrosive environment in which the AWE functions is the 
primary issue, and the increased use of PEMWE over the past few decades is 
largely attributable to this element as well as the rise in hydrogen production purity. 
However, compared to the other two, PEM is the most efficient and secure 
technology because, unlike AWE, it does not employ potassium or salt as an 
electrolyte and because its working temperature is lower than that of SOEC. 
Additionally, PEMWE is a dependable and affordable solution that enables to get 
beyond some challenges related to the other two types of electrolysis procedures. 
[22] AWE technology has a lower current density than PEMWE, which is the main 
disadvantage, along with the low purity hydrogen produced. However, PEMWE is 
a more expensive technology, and as a result, cost components must be reduced. 
In laboratory tests, SOWE, on the other hand, performed better than the other 
technologies. However, because SOWE technologies require higher temperatures 
and specific operating conditions, they will be advantageous for centralized and 
large-scale hydrogen production plants. At the moment, research is focused on 
developing materials that can extend both the lifespan and performance of plants. 
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Figure 1.3: Exploded view of PEMWE: (a) End Plate, (b) Current collector, (c) 
Bipolar Plate, (d) Gasket, (e) Gas Diffusion Layer, (f) MEA 

This technology is made up of a number of components that are still being 
researched in an effort to find better solutions and, primarily, to lower the system's 
overall cost. BPs in particular stand for the cell's most expensive component. These 
are being investigated in order to find materials that are less expensive but 
nevertheless work satisfactorily. 

1.3.1. Membrane Electrode Assembly 

The MEA is a structure formed by the proton conducting membrane put in between 
the cathode and anode electrocatalysts. [2] The membrane inside the electrolytic 
cell is the perfluoro sulfonic acid polymers (PFSA) called Nafion®. These 
membranes have a thickness that varies in the range of 50-200 µm. [22] Positive 
aspects include good chemical, mechanical, and thermal properties, as well as the 
prevention of cell corrosion. This membrane is well-known for its high proton 
conductivity. [21] [27] However, because they contain the fluorine group, they also 
have a disposal issue. [21] These MEAs are created by joining an HSO3-terminated 
lateral branch with a Teflon molecule that has sulfonic acid groups as its 
termination. The weak connection between H+ and SO3- contributes to the 
increase in H+ ion mobility. The mobility mechanism and the Grotthuss 
mechanism are the two mechanisms that govern proton conductivity. The first 
transports the ions using molecule carriers that in this case are the water molecules. 
The second refers to the jump of the protons from the group H3O+ to the near water 
molecule. And so it results in a continue bond breaking.[28][29] The efficiency of 
the mechanism is good if the membrane is wet. For this reason, membrane must be 
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the drawback of the OER irreversibility and slowness. [20] In fact, the OER 
governs the efficiency of the cell due to the fact that it has a great amount of 
overpotential loss of anode electrochemical process if compared to the cathode. 
[33] Durability is an important element of the electrocatalysts. In fact, the 
electrocatalyst layer has problems related to the degradation. The first degradation 
is due to the Pt agglomeration or loss of activation sites. As a result, to understand 
how to overcome this problem becomes important. In addition, electrocatalysts are 
often very thin, but not enough, in fact they may be subjected to mass transport 
limitation or a considerable ohmic losses. Regarding this aspect, further research 
is necessary in order to reduce the thickness and so, improving the performance. 
[34] 

1.3.2. Gas Diffusion Layer 

The GDL is composed of a microporous substrate and that can or cannot be 
attached with a Micro Porous Layer (MPL). [24] The GDL and MPL play 
important roles, like electronic connection between bipolar plate and the electrode, 
transition for reactant transport, remover of heat and water, support for MEA and 
preservation of electrocatalyst layer from corrosion. [24] [34] Carbon matrix or 
carbon paper are the materials used in conventional PEM Fuel cells. However, 
because carbon oxidizes during water electrolysis, these are not suitable for the 
anode side of PEMWE. Titanium is the only material that can function in the acidic 
environment of the anode side. However, these are frequently coated with platinum 
to achieve the desired conductance as well as Titanium's high contact resistance. 
Porous carbon material or porous carbon stainless steel are used on the cathode 
side.[22] The researchers are presently focused on improving the performance of 
the electrolyzers by modifying the structure of GDL. Improving water management 
is one example of an improvement. The GDLs are optimized with a coating of 
PolyTetraFluoroEthylene (PTFE) or with an implementation of MPL on the 
surface because it allows for electrolytic cell water management. As a result, the 
water is removed, and the flow of the reactant is improved. [24] If this is not taken 
into account, some negative phenomena may occur, resulting in decreased 
durability and performance. GDLs, on the other hand, can degrade after long-term 
tests because the PTFE fibers can be destroyed. As a result, it has the potential to 
increase the overcapacity of mass transportation.[35] In the next years, the studies 
will investigate new materials of GDLs in order to have a reduction of the negative 
phenomenon and to increase the electrical conductivity. 



Introduction 

12 

1.3.3. Bipolar Plate 

In PEMWE stack, a number of cells are connected together in series in order to 
increase the production of gases. The connection of the different cells is obtained 
considering a part of the system that is the Bipolar Plate (BP). The BP are used to 
conduct electrons from the anode side to the cathode side, to separate 

1.3.3.1. Channels 

The channels are usually printed on BPs in order to transport the water and to 
permit the water splitting reaction. Channels together with the GDLs represent the 
so-called flow field. They are also used to lower the temperature, thereby acting as 
a heat remover. Various types of channels, such as serpentine, zig-zag, parallel, 
and pin-type, have been developed over time. The choice of one over the other 
affects the electrolyzer's performance.[34] The reason for this influence is the fact 
that the channels are responsible of the distribution of reactants on electrodes. It 
also affects the hydraulic resistance, the pressure drop and the entire cost of 
assembly. [35] In particular, the different configurations have been studied in order 
to evaluate the behaviour of them and the better configuration was resulted in the 
serpentine type, because it represents the best solution in terms of hydrogen 
production and thermal distribution.[36] 

1.3.3.2. End Plates 

The last components are End plates. They are one of the main components which 
have important roles in the structure, such as combining various components like 
MEA, GDL, BP, etc, in order to realize a stack and to provide a uniform pressure 
distribution between all these components. In this sense, the aim is to decrease 
ohmic resistance as low as possible to increase the efficiency of cell. So, it is the 
most important role of this component, in fact it decreases the contact resistance 
between MEA and BPs as well as BPs and current collectors and so enhance 
efficiency and hydrogen productivity. As a result, they keep all the elements 
together by using clamping bolts that bring the entire mechanical load on the cell. 
[37][38] They provide the passages for reactant gases and coolant fluid and 
ensuring good sealing at various interfaces. End plate materials are divided into 
two main categories: non-metallic materials and metallic materials. The non-
metallic materials such as engineering plastics, polysulfons, etc. have not sufficient 
thermal stability and may be damaged at high operating temperature. The metallic 
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the fact that mass transport limitations occur. According to this, the current density 
must be maintained under a certain value in order to have a good production rate 
and to avoid the rapid gas bubble formation. [20] [50] The good value in which 
PEMWE can operate is 2 A/cm2.[51] 

1.3.10.3. Temperature 

Temperature is an important parameter that can affect thermodynamics. The 
PEMWE is a device that can obtain good performance only under certain value of 
temperature. The temperature influences the voltage of the cell, in fact working at 
low value of this can reduce the proton conductivity with the consequent increase 
of overvoltages. Temperature results a good indicator in terms of performance of 
electrolyzer and so, an increase of this parameter reduces the Gibbs free energy of 
the electrochemical reaction, increasing the ionic conductivity, and so the 
performance of electrolytic cell. In fact the kinetic of reaction is favoured at high 
value of temperature. [52] The working temperature range is 30 to 80 degrees 
Celsius. It has been studied that the electrolysis voltage can be reduced by 
increasing the temperature. In particular, it has been demonstrated in one study that 
working at high temperatures can reduce the voltage of the cell by 2.5mV for every 
Kelvin increase, reducing the amount of power required by the system. [53] 
However, PEMWE has one limitation connected to maximum working 
temperature due to the fact that the MEA must be very well hydrated in order to 
avoid the reduction of proton conductivity of this one and as consequence the 
reduction of performance. Furthermore, higher temperature values can cause 
degradation of the MEA. The latter issue arises from the fact that at high 
temperatures, there is a risk that the MEA will not be adequately wet, as well as a 
lack of water supplied inside the cell. These two issues have the potential to harm 
the MEA, causing it to fail to complete the operation or, in extreme cases, to 
break.[54] 

1.3.10.4. Pressure 

The pressure, like the temperature, plays a big role for electrolyzer 
thermodynamics and functioning. The electrolyzer is a device able to work from 
the ambient pressure to higher value. [30] Today, commercial electrolyzers work 
up to high value of pressure. The reason is that high operating pressure permits to 
overcome the gas bubble generation that occurs to high temperature during the 
electrolysis reaction. In this sense, the investigations were concentrated into study 
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1.4. Research questions addressed 

The research brought in this thesis is inspired by the quest for getting the most out 
of low temperature electrolysers while having the least degradation. 

The European Commission introduced its "Hydrogen strategy for a climate-
neutral Europe"[57] in 2020, outlining the prerequisites and steps for 
mainstreaming clean hydrogen as well as goals for the installation of renewable 
hydrogen electrolysers by 2024 and subsequently 2030. In order to enable the high-
volume production of electrolysers, it is fundamental to have a thorough 
understanding of the electrolysers, their performance and testing method, as well 
as the degradation issues. Hence it is necessary to create standardized degradation 
tests coming from real usage data based on variable dynamic operation of 
electrolysers. Furthermore, the use of computational modelling is of paramount 
importance in order to be able to predict the behaviour of the electrolysers without 
going through exorbitant testing each time. 

Considering the shortcomings of the state of the art both regarding a flexible 
experimental test setup to study different variables that affect the performance of 
the low temperature electrolyser and its degradation -from cells to stacks- and lack 
of presence of a Multiphysics model with detailed biphasic flow condition that 
preciously predicts the behaviour and the limits of the low temperature PEM 
electrolyser, it was evident that improvement in each of the these areas would be 
indispensable.  

The goals mentioned in the second paragraph and the research gaps explained 
subsequently led to the following research questions: 

1. How is it possible to build a flexible test bench that is able to evaluate a vast 
range of low temperature electrolysers and perform degradation tests? 

2. How is it possible to benchmark different cells -PEM and Alkaline, single cells 
to short stacks- in one validated test setup to have standardized comparable 
results? How does the presence of water flow on the cathode side influence 
the performance of electrolyser? 

3. How is it possible to diagnose the origin of performance variations during the 
normal functioning and accelerated degradation of the cells in a non-
destructive non-disruptive way? 

4. How is it possible to accurately predict the behaviour of the electrolytic cells 
under different physical conditions such as pressure, temperature, mass flow 
rate?  
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5. How the bi-phasic flow affects the performance of low temperature 
electrolysers and how to parametrize an accurate multiphysics model for it? 

 
 
To summarize the consecutive steps that are followed to develop this thesis are: 

Initially an electrochemical test bench was built that is able to test low 
temperature electrolytic devices up to high pressures and temperatures (1st and 2nd 
research questions). Different cathode configurations were analysed for a single 
cell PEM, considering experimental and modelling comparison. Degradation 
experiments were designed and performed in order to compare the effect of 
variable conditions on the cells. During the experiments, EIS was performed; and 
online water conductivity and measurement of fluoride ion chromatography were 
used to control the degradation (3rd research question). Subsequently, a 0D model, 
and 2D/3D Multiphysics models of the PEMWE was developed. These models 
were validated with the experimental results from the test bench (4th and 5th 
research questions). At the end, degraded samples were studied using SEM-XRD 
analysis to find out more about the degradation phenomena. Finally, to consider 
the safety and degradation issues, the hydrogen in Oxygen percentage was 
controlled throughout the tests. 
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"Premio Qualità" is the prize awarded once a year to the three best performing PhD 
candidates by Polytechnic of Turin. 
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Chapter 2. Experimental 

2.1. Electrochemical test bench 

The experimental measurements were carried out on a PEM electrolyzer located at 
the CO2 circle lab. This laboratory contains test benches for the research on 
hydrogen production technologies, as a part of Polytechnic of Turin, located at the 
Environment Park in Turin. The latter is a science and technology park dedicated 
to the Environment and Clean Technologies.  

 

Figure 2.1 Environment park- CO2 circle Lab 

2.1.1. Test bench description  

The experimental test bench, aims to carry out the characterization and evaluation 
of performance of electrochemical devices for the production of hydrogen. In 
particular, the goal is that of testing both single electrolytic cells and small 
assemblies of multiple cells (stack). There Hydrogen production occurs by feeding 
the devices with demineralized water and supplying them electric energy. The 
characterization of the devices will consist in evaluating the voltage-current curves 
(polarization) as well as in subjecting the cells to electrochemical impedance 
spectroscopy (EIS) analysis. The aim is to examine the performance of the cells 
through the phenomena of irreversibility that arise during operation. In addition, 
the devices will be subjected to long-term tests to analyze any degradation 
phenomena (with consequent loss of performance). The test bench must allow 
experimental activity on devices low temperature electrolytics (up to a maximum 
of 150°C) and with anionic electrolyte (alkaline cells) and with cationic electrolyte 
(PEM). In the Figure 2.2 is reported the Test Bench in which are conducted the 
tests. 
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Figure 2.2 Test Bench 

In the Figure 2.3 the P & I of the testing station is reported. 
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Figure 2.3 P&I of test bench 

There are two external supply line, one for nitrogen and one for compressed 
air. The first is needed for cleaning and pressurization purposes, while the second 
for the correct operation of the pneumatic valves. Since electrolysis reaction needs 
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a huge amount of demineralized water, a water storage of 10 liters is located into 
the system. The function of tank is not only related to water storage but through 
the nitrogen line keeps the system pressurized. Water is further demineralized 
thanks to ion exchange resin that are present downstream the pumping system and 
the conductivity is kept <1 µS/cm. The tank feeds the electrochemical cell thanks 
to two main loops, one for the anode side and one for cathode side, obviously the 
water sent to the cathode side is not needed for the electrolysis reaction but only 
for cooling.  At the anodic and cathodic outlet, the biphasic mixtures need to be 
separated. The separation occurs in two subsequent stages. The first stage is 
cooling, it takes place by means of condensers placed immediately at the exit of 
the respective channels. The condensers are of the tube-in-tube type, with the hot 
mixture flowing in the internal tube while refrigerating water from the water mains 
flows in the annular region.  The second stage is the actual separation, it takes place 
in the gas / liquid separators tanks. They are two one-liter containers with two 
outlets, one in the upper part for the gas-rich mixture and one in the lower part for 
the liquid-rich mixture.  The two separators are placed at the same height in order 
to have an optimal control of the quantity of demineralized water present in the 
process. The separators are connected with two 250 ml tanks placed above them in 
order to optimize the separation process. The water is pumped into the circuit 
through a volumetric pump that is able to treat a maximum flow rate of 10 L/min. 
In the system is present another volumetric pump with higher maximum flow rate 
both for redundancy and stack operations.  The pumped water is heated up through 
an external electrical heater in order to reach the desired operating temperature. 
The heat is transferred to the fluid with a plate heat exchanger and temperature is 
kept almost constant thanks to a PID controller. To keep temperature and pressure, 
main thermodynamics parameters, as desired, several devices are inserted into the 
system: 

- Back pressure controller, anode and cathode side; 

- Mass flow meter for demineralized water; 

- Level physical indicators, one for each separator; 

- Temperature transducer; 

- Pressure transducer; 

- Valves; 

- Conductivity probe. 






















































































































































































































































































































































































































































































































































































































































































