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Introduction 

 
 
The didactic units begin with the theoretical bases related to solar radiation, going on to 
explain how to obtain electrical energy from such a source. 
 
In this training course, the student will learn how to generate electrical energy from the 
sun, and how to manage it into a renewable based microgrid: optimize its generation, 
store it, use it efficiently or interchange it with the main grid. 
 
It goes on to describe the microgrid called I-share that is located in the town of San 
Sebastian, and generates renewable energy through the wind and the sun, it stores it 
both in lithium batteries and in hydrogen batteries and flywheels, and supplies the building 
called Enertic. This is a project financed by the San Sebastian City Council, which sought 
to set up an experimental laboratory to test components and elements developed by 
different Basque companies. This micronetwork has been maintained for three years by 
Basque professional training teachers. 
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Learning outcomes and assessment criteria  
 

1. Understands the main principles of solar energy. 

Assessment criteria: 

a) The main characteristics of the sun, its position and received radiation on earth have 
been understood. 

b) Different systems for capturing solar energy have been identified. 
c) Solar energy parameters have been classified, and the student understands the main 

characteristics of each one. 
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 Basic content 
 

1. CHARACTERISTICS OF SOLAR RADIATION 

 

procedural Understands the basis of the solar radiation and characteristics. 

Deals with main solar parameters with ease.   

 

 
 

 
conceptual 

● The energy of the sun  

● The solar spectrum 

● Types of radiation reaching the earth 

● Sun - Earth position parameters 

● Solar constant 

● Radiation levels. Units of measurement 

● Solar energy parameters: solar irradiance, solar irradiance, 

insolation, lightness index, peak sun hours 

 

 

 

 
 

attitudinal 

Order and cleanliness in the work and activities performed. 
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CONTENT DEVELOPMENT 

 

IO2.1: CHARACTERISTICS OF SOLAR RADIATION 
 

1. The energy of the sun  
 
 
The Sun is a medium-type star in whose interior, and due to the high temperatures and existing 
pressures (between 10 and 40 million ºK and more than 1 million atmospheres), produce 
thermonuclear fusion reactions, in which takes part their main component, HYDROGEN.  
 
In these reactions hydrogen, H, is converted to helium, He, with a mass loss of approx. 0.7%. This 
mass is converted into radioactive energy and passes through the solar layer until reach its 
surface, which is at 5500 ºK. 
 
Here you have some characteristics of the sun and its radiated energy: 
 
➔ Diameter of the Sun: 109 times greater than that of the Earth 
➔ Mass of the Sun: 330,000 times that of Earth 
➔ Surface temperatura of the Sun: 5500 ºK 
➔ Origin of radiated energy: Fusion reactions, Hydrogen and Helium + energy 
➔ Distribution of the radiated power: Calorific = 46%; Luminous = 49%; Ultraviolet = 4%; 

Others = 1% 
➔ Average distance from the earth to the sun: 149,600,000 Km = AU (astronomical distance) 
➔ Solar constant (PERIHELIUM): 1400 W / m², outside atmosphere 0.983 AU (minimum 
➔ Earth-Sun distance) 
➔ Solar constant (AFELIO) 1309 W / m² outside atmosphere 1,017 AU (maximum 
➔ Earth-Sun Distance) 
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2. The solar spectrum 
 
The solar energy that reaches the Earth does so in the form of electromagnetic waves, with 
wavelengths (λ) between 0.3 and 3 μm. Within this spectrum we find the following radiations: 
Gamma (1%), Ultraviolet (4%), Luminous (49%) and Infrared (46%).  
 
The main aim of the solar photovoltaic systems will be to convert this energy into electricity. For 
that, orientation and inclination related to the solar rays, as well as the efficiency of the used solar 
panels will be very important. 
 
 

 
 
 
Although it is true that gamma and ultraviolet radiation have a higher level of energy, due to their 
low wavelength, they barely represent 5% of the total solar energy. Being the light and infrared 
energy, with 95%, which we must take into account for its use. 
 
 
Electromagnetic radiation can be considered as: energy packages (PHOTONS). The energy level 
is inversely proportional to your wavelength. 
 
 
Solar radiation, often called the solar resource or just sunlight, is a general term for the 
electromagnetic radiation emitted by the sun. Solar radiation can be captured and turned into 
useful forms of energy, such as heat and electricity, using a variety of technologies. 
 
 
 

Solar irradiance is the power per unit area received from the Sun in the form of electromagnetic 
radiation as measured in the wavelength range of the measuring instrument.  
 
The solar irradiance is measured in watt per square metre (W/m2) in SI units. 

  

https://en.wikipedia.org/wiki/Power_(physics)
https://en.wikipedia.org/wiki/Sun
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/SI_unit
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3. Types of radiation reaching the earth 
 
The dispersion suffered by solar radiation as it passes through the atmosphere makes two 
distinguishable different types of radiation: DIRECT and DIFFUSE. 
 
We receive direct radiation from the Sun without deviations in its path, it is characterized by 
producing very defined shadows and being able to focus through lenses. On very clear days it can 
account for up to 85% of the total radiation. 
 
Diffuse radiation is that which undergoes deviations in its trajectory, due to its passage through 
the atmosphere. On clear days, this type of radiation can be 15% of the total and on cloudy days 
up to 100%. 
 
We observe that depending on the inclination of said surface and the time of year, the GLOBAL 
radiation values (direct + diffuse) and diffuse radiation coincide. The conclusion is that for a North 
orientation, and certain inclinations, all the radiation that on that surface is DIFFUSE. You do not 
receive DIRECT radiation. 
 
 

 
Image origin: http://energyprofessionalsymposium.com/?p=11181 

 
 
 
There is a third type of radiation, named albedo, and is the one that is reflected in the ground or 
surfaces close to it (snow, lakes, building walls, etc.) 
 
GLOBAL solar radiation that we receive is the sum of the three above, DIRECT, DIFFUSE AND 
ALBEDO. 
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4. Sun - Earth position parameters 
 

 
The position of the Sun, with respect to a given latitude, is a function of the time of day and the 
time of the year. 
 
The position of the Sun, for any time of day and time of year, is determined by two angles: 
ELEVATION AND AZIMUTH. 
 

● HEIGHT or ELEVATION.- It is the angle formed by the imaginary line that joins the sun 
with a certain point of the Earth and its horizontal. 
 

● ACIMUT / AZIMUT.- It is the angle formed by the projection, on the earth's surface, of the 
imaginary line that joins the Sun with a certain point on earth, and its meridian. 

 
 
 

 
In the image you can observe the position of the sun for a height or elevation of 43º. 
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Also, it is called air mass (AM), the distance that solar radiation travels through the Earth's 
atmosphere. 
 

 
 
As we can see, the greater the angle formed between the vertical and the rays the greater the 
mass of air that they have to pass through and consequently, the lower the energy with which 
they impinge on the earth's surface. This is why they exist considerable differences in the energy 
incidence of solar radiation during the months of winter and summer, the equator and the poles, 
or sunrise, sunset and noon. 
 
This concept, as can be understood, is very important when making calculations necessary to 
properly configure a solar energy harvesting installation (It is integrated into the solar irradiation 
tables). 
 
The solar diagram is the graphical representation of the position of the sun, altitude and azimuth, 
during a year, for a given latitude. Each latitude has a different diagram. 
 

 
Solar diagram 
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5. The solar constant 
 
The intensity of solar radiation, as it widdens through space, decreases according to a quadratic 
function as it moves away from the sun. 
 
For these purposes we can consider that the orbit that the earth describes around the SUN is 
practically circular (radius = 149.6x109 m). Therefore; the intensity of solar radiation, reaching the 
outside of the EARTH's atmosphere, is a constant, and its calculation will be: 
 
 

I = P/4 π R2 
 

I = (4 x 1026) / (4 x 3,14 x (149,6 x 109)2 = 1367 W / m2 
 

 
 
So that; the solar constant the we can define as: RADIATION INTENSITY of the sun (POWER / 
m2), OUT OF THE ATMOSPHERE, WHICH INCIDES ON A SURFACE OF 1m2, 
PERPENDICULAR TO THE RAYS SOLAR, FOR 1 sec. 
 
The most correct value for the SOLAR CONSTANT is: 1360 W / m2. 
 
At the ground surface level, due to the effects of the eastern atmosphere, its value is: 1000 W / 
m2, and is called MAX IRRADIANCE (POWER / m2). 
 

 
Representation of the Solar Constant (from 
http://www.greenrhinoenergy.com/solar/radiation/extraterrestrial.php) 
 
 
  

http://www.greenrhinoenergy.com/solar/radiation/extraterrestrial.php
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6. Some solar energy parameters: solar radiation, irradiance, insolation, 
sun peak hours, shadowing 

 
The difference in radiation that reaches the Earth, depending on the time of day and / or the 
season of the year, it is not due to the distance the SUN is from the EARTH, but to the angle with 
the one that its rays impinge on the earth's surface. 
 
The greatest possible irradiation on a horizontal surface occurs in the summer of the southern 
hemisphere, and in winter in the northern hemisphere. 
 

 
 
 
Direct estimates of solar energy may also be expressed as watts per square meter (W/m2). Solar 
irradiance is a variable value depending on: the angle of inclination of the surface, the latitude of 
the place, time of year, time of day, weather conditions, pollution etc, and is related to POWER 
(https://en.wikipedia.org/wiki/Solar_irradiance).  
 
Under ideal conditions, the maximum value of solar irradiance you can achieve in the earth’s 
surface is 1000 W / m², and it will depend on the position of the sun in the sky and atomspheric 
conditions or objects located betweeen the sun and the panel: 
 

 
Effect of the movement of the sun throghout one day in the solar irradiance. 

 
 

https://en.wikipedia.org/wiki/Solar_irradiance
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Solar radiation data received on solar electric (photovoltaic) systems are often represented as 
kilowatt-hours per square meter (kWh/m2), and is related to ENERGY. is the amount of solar 
energy that falls on a unit surface in a determined period of time (more info: 
https://www.sciencedirect.com/topics/engineering/solar-radiation).  
 
To calculate the solar radiation, solar irradiance is measured at different times of the day and the 
values taken are integrated. 
 
 
Measured solar radiation data for different  places on earth is useful for calculating and 
dimensioning  solar installations, and is available online (for example,  
https://globalsolaratlas.info/map?s=31.969146,4.542582&m=site). 
 
In the image, the available data for Antalya, in Turkey: 

 
 
 
EXAMPLE: the solar radiation received (or insolation) on a horizontal surface (0º inclination) 
located in BILBAO on an average day of the month of MAY is 4.711 kWh / m2 (value obtained 
from the Ente Vasco de la Energía tables, https://www.eve.eus/). 
 

 
 
  

https://www.sciencedirect.com/topics/engineering/solar-radiation
https://globalsolaratlas.info/map?s=31.969146,4.542582&m=site
https://www.eve.eus/
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Some of the received solar irradiance doesn’t reach  the earth surface, and so it’s not usable, as 
you can see in the next graphic: 
 

 
Solar energy flow inside earth’s atmosphere, or energy Budget (from 
https://simple.wikipedia.org/wiki/Insolation).  
 
  

https://simple.wikipedia.org/wiki/Insolation
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SUN  PEAK HOURS are the theoretical maximum irradiance at sea level that is considered to 
have a value of 1000W / m2. 
 
The technical data of the photovoltaic panel electrical generation values is referred to SUN PEAK 
HOURS. 
 

 
A vacuum pipe solar thermal pannel 

 
To simplify the calculations we will need to know how many hours, with constant irradiance of 
1000W / m², corresponds to the daily irradiation in kWh / m². This relationship is called SUN PEAK 
HOUR and is represented by the letters SPH. 
 
The relationship between solar IRRADIATION and SPHis as follows: 
· EXPRESSED IN KWH / m2.- (KWH / m2) / (1KW / m2) = SPH. 
· EXPRESSED IN Mj /m2.- Mj x 0.28 = SPH. 
 

 
Solar irradiance equivalency in Solar Peak Hours. 
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SHADOWING is the effect of the objects located between the sun and and object (for our 
purpose, a solar panel), that will rest part of the insolation reached by it.  
 
 
Using the solar diagram we can determine when shadows will be cast on a element, in our case 
solar thermal collectors, produced by an obstacle, mountains, buildings etc. 
 
 
For taking elevation angles of an object, we can use an instrument called CLINOMETER. And to 
define azimuth angles, we use the COMPASS. 
 
 
Taking the angles, defined in the previous drawing, on a solar diagram, we define a surface that 
represents the hours and time of year in which the collectors will be shaded by the shadow cast 
by the building. 
 

 
Example of Solar Diagram, where we can represent the effect of an object located between the 

pannels and the sun during the year 
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7. CLARITY INDEX 
 
It is the quotient between the irradiation received by a horizontal surface on the Earth's surface 
and the irradiance it would have received if it were outside the Earth's atmosphere (due to the 
effect of clouds, pollution, mist, etc.). This parameter indicates the degree of global attenuation 
suffered by solar radiation when passing through the atmosphere in a given place. 
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8. PEAK SUN HOURS 
 

The theoretical maximum irradiance at sea level is considered to have a value of 1000W/m2, so 
the technical data of the photovoltaic panels are referred to that irradiance. 
 
To simplify the calculations, we will need to know how many hours with a constant irradiance of 
1000W/m² corresponds to the daily irradiation in kWh/m². This ratio is called PEAK SUN HOURS 
and is represented by the letters (SPH). 
 
The relationship between solar IRRADIANCE and SPH is as follows: (KWH/m2) / (1KW/m2) = 
SPH. 
 
The concept is very well understood with the following example: in a specific place, if during a day 
5000 Watt hours per square meter are received, the equivalent irradiance will be 5 PEAK SUN 
HOURS (considering that the irradiance equivalent to each peak sun hour is 1000w/m2). 
 

 
 
(5 kWh/m²) / (1kW/m²) = 5 SPH  
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9. INCLINATION COEFFICIENT 
 
 
To make the most of solar radiation, we need to place the panels perpendicular to the sun's rays. 
This forces us, depending on the latitude where the installation is located and the time of year in 
which we find ourselves, to place the panels with a certain inclination with respect to the 
horizontal.  
 
 
If we take into account that the irradiation data is given in some cases on horizontal surfaces, we 
will understand the need to have correction coefficients for the calculation of irradiation in inclined 
panels. The slope coefficient is represented by the letter (k). 
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Introduction 

 
The didactic units begin with the theoretical bases related to solar radiation, going on to 
explain how to obtain electrical energy from such a source, andd the specific components 
that are needed for that.  
 
It goes on to describe the microgrid called I-share that is located in the town of San 
Sebastian, and generates renewable energy through the wind and the sun, it stores it 
both in lithium batteries and in hydrogen batteries and flywheels, and the supplies the 
building called Enertic. This is a project financed by the San Sebastian City Council, 
which sought to set up an experimental laboratory to test components and elements 
developed by different Basque companies. This micronetwork has been maintained for 
three years by Basque professional training teachers 
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Learning outcomes and assessment criteria 
 

 
 

2. Identifies the elements and main characteristics of solar photovoltaic energy 

installations. 

Assessment criteria: 

a) The types of solar energy installations have been classified. 
b) The principle of cell operation has been recognized. 
c) The parameters and characteristic curves of the panels have been identified. 
d) The operating conditions of the different types of batteries have been described. 
e) The characteristics and mission of the regulator have been described. 
f) The types of converters have been classified. 
g) The network connection regulations have been identified. 
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Basic content 
 
 
 
 

2. MAIN COMPONENTS OF A SOLAR PHOTOVOLTAIC SYSTEM  

 

 
procedural 

- Identification of the main components: photovoltaic panels, batteries, 

regulators and inverters. 

- Analysis of the characteristics of each type of component.  

- Determination of the proper inclination and orientation of the 

panels. Determination of shadows. 

 
 

 
 
 
 
 
 

conceptual 

- Introduction to solar photovoltaic installations.  

- Photoelectric effect: Light absorption Energy transfer. Union of 
the charges. 

- Solar cell. Constructive aspects. Operating parameters. 

- Types of panels: from the cell to the module, constitution of the 
module. 

- Characteristics plate of a solar photovoltaic module: module 
parameters, module losses, hot spot problem. 

- Shadows. 

- Orientation and inclination. 

- Panel grouping and connection systems: series, parallel and 
mixed. 

- Types of accumulators: lithium ion, lead acid, nickel-cadmium. 

- Regulators: types, parameters, operation, protections, location 
and connections. 

- Inverters: types, location and connection. 
 

 

attitudinal - Collaboration and integration in the work group. 

- European and regional regulations and normative understanding. 
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CONTENT DEVELOPMENT 
 

 

IO2.2: MAIN COMPONENTS OF A SOLAR PHOTOVOLTAIC 
SYSTEM  

 

 
Review of basic contents related to photovoltaic installations 

 
The use of the Sun's energy, by the human being, has been a constant in humankind history. The 
capture elements used were passive systems, there was no possibility of control over them, and 
they were usually architectural elements; ponds, backyards, windows, etc. The function of these 
elements was: to accumulate heat or direct light, without exposing themselves directly into the 
sun's rays. They were also used to dry food or produce salt by evaporation of seawater. 
 
Direct solar capture, through man-made devices, can be divided into three types namely: passive 
thermal capture, active thermal capture and photovoltaic capture. 
 

1. Passive Thermal capture is the direct capture of solar energy in homes or buildings, 
through the application of bioclimatic architecture criteria. 

 

2. Active thermal capture is carried out by thermal collectors. These elements capture 
infrared  radiation from the sun and directly heat the fluid that circulates through them: usually 
water or air. It is a widely used system to generate Sanitary Hot Water. 

 

3. Photovoltaic capture is the direct conversion of solar energy into electrical energy. It is 
the visible spectrum of solar radiation the maximum responsable of this conversion. The basic 
element for this conversion is THE PHOTOVOLTAIC CELL. On the training course we will 
center in this type of capture.  

 
 
 
So, solar photovoltaic energy or solar PV energy directly converts sunlight into electricity, using a 
technology based on the photovoltaic effect. When radiation from the sun hits one of the faces of 
a photovoltaic cell (many of which make up a solar panel), it produces an electric voltage 
differential between both faces that makes the electrons flow between one to the other, 
generating an electric current. 
 
When photovoltaic technology first began, it was used to provide electricity to satellites. The 
development of photovoltaic panels sped up in the 1950s and has now become a real alternative 
to the use of fossil fuels, and together with other renewable energy sources will constitute the 
basis of the energy transition to a decarbonised economy. 
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Basic energy transfer of photovoltaic installations 
 
 
 
So, ¿which are the benefits of photovoltaic energy? Electricity generated by solar photovoltaic 
panels is inexhaustible and does not pollute, and thus contributes to sustainable development as 
well as favoring local employment. Likewise, it can be exploited in two different ways: sold to the 
electricity grid, or consumed in isolated locations where there is no conventional electricity 
network. 
 
As such, it is an especially effective system for remote and rural areas, which cannot be reached 
by electric power lines, or they are difficult or costly to install, and in countries receiving many 
hours of sunlight per year.  
 
The cost of installing and maintaining solar panels, whose average useful life is over 300 years, 
has come down noticeably in recent years, as photovoltaic technology has developed. It requires 
an initial investment and small operational budget, but, once the photovoltaic system is installed, 
the “fuel” is free and available for life. 
  
 

SUMMARY OF THE BENEFITS OF PHOTOVOLTAIC ENERGY: 
● Renewable 

● Inexhaustible 

● Non-polluting 

● Scalable, from home systems up to large plants 

● Appropriate for rural or remote areas 

● Contributes to sustainable development 

● Promotes local employment 
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The photoelectric effect 

 
 
The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic cell 
when it is exposed to sunlight. It is this effect that makes solar panels useful, as it is how the cells 
within the panel convert sunlight to electrical energy.  
 
The photovoltaic effect was first discovered in 1839 by Edmond Becquerel. When doing 
experiments involving wet cells, he noted that the voltage of the cell increased when its silver 
plates were exposed to the sunlight. 
 
 

 
The photovoltaic effect 
 
The photovoltaic effect occurs in solar cells. These solar cells are composed of two different types 
of semiconductors (a p-type and an n-type) that are joined together to create a p-n junction. By 
joining these two types of semiconductors, an electric field is formed in the region of the junction 
as electrons move to the positive p-side and holes move to the negative n-side. This field causes 
negatively charged particles to move in one direction and positively charged particles in the other 
direction. 
 
Light is composed of photons, which are simply small bundles of electromagnetic radiation or 
energy. These photons can be absorbed by a photovoltaic cell - the type of cell that composes 
solar panels. 
 

https://energyeducation.ca/encyclopedia/Semiconductor
https://energyeducation.ca/encyclopedia/Electric_field
https://energyeducation.ca/encyclopedia/Electron
https://energyeducation.ca/encyclopedia/Electron_hole
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When light of a suitable wavelength is incident on these cells, energy from the photon is 
transferred to an atom of the semiconducting material in the p-n junction. Specifically, the energy 
is transferred to the electrons in the material.  
 
This causes the electrons to jump to a higher energy state known as the conduction band. This 
leaves behind a "hole" in the valence band that the electron jumped up from. This movement of 
the electron as a result of added energy creates two charge carriers, an electron-hole pair. 
 
 

 
The electromagnetic spectrum: more energy corresponds to shorter wavelength and higher frequency, 

since all three quantities are closely related. 
 
 
 
 

When unexcited, electrons hold the semiconducting material together by forming bonds with 
surrounding atoms, and thus they cannot move. However in their excited state in the conduction 
band, these electrons are free to move through the material.  
 
 
Because of the electric field that exists as a result of the p-n junction, electrons and holes move in 
the opposite direction as expected. Instead of being attracted to the p-side, the freed electron 
tends to move to the n-side. This motion of the electron creates an electric current in the cell. 
Once the electron moves, there's a "hole" that is left. This hole can also move, but in the opposite 
direction to the p-side. It is this process which creates a current in the cell.  

https://energyeducation.ca/encyclopedia/Wavelength
https://energyeducation.ca/encyclopedia/Frequency
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The solar cell. Some constructive aspects and operating parameters. 

 
 
Photovoltaic modules are groups of photovoltaic cells, interconnected in such a way that they 
meet suitable conditions for their application in electricity generation systems. The power supplied 
by a single cell is small for normal applications, therefore several are coupled to form a module, 
according to the desired power. 

 
A solar module is composed combining solar cells. We can connect solar modules and solar 

panels in different ways (parallel, serie…) in order to obtain desired V and I values. 
 

 
 
 
Taking into account the characteristics of the cells to be used (voltage and intensity 
characteristics), they are placed by joining them in series, if we want to increase the voltage, or in 
parallel if we want to increase the current, or also in series- parallel according to the voltage and 
intensity that is sought in each installation. It is very important that all cells have the same V-I 
characteristics. 
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For practical use, silicon cells, as they are very fragile, are encapsulated. They must be protected 
both in front and behind and for a better coupling they are fixed with silicone. All the materials 
used, as well as the cells, must have the same coefficient of thermal expansion.  
 
The protective glass has a special laminate and tempered process to withstand inclement weather 
without deterioration. The entire module is surrounded by a metal, anodized aluminum or similar 
frame. The photovoltaic panels or modules are made up of the elements shown in the next 
piccture: 
 

 
 
The support frame is in charge of providing rigidity to the assembly and allowing anchoring to the 
structures provided to house more modules. It is usually made of anodized aluminum, due to its 
light weight and resistance to corrosion. Stainless steel is used in facilities exposed to the marine 
environment. It is not advisable to machine the frame to avoid breaking the upper glass cover, all 
fixing holes are made at the factory. 
 
The Encapsulant is a transparent epoxy (EVA), which is injected under vacuum, and occupies any 
space that exists between the upper and lower covers, and the cells. This provides rigidity to the 
assembly and prevents air and humidity pockets from remaining, which are detrimental to 
elements that work outdoors and with strong temperature changes. Likewise, it must have zero 
degradation due to the effect of ultraviolet rays. Photovoltaic cells, explained above, are usually 
rectangular or square, for a better use of the useful surface of the module. Note that silicon 
wafers, due to the production method, are usually circular. The connection terminals are in charge 
of connecting the module with the rest of the installation. They are made of conductive material 
and are usually located in a watertight box.  
 
Bypass diodes are placed next to the connection terminals. There is a connection box for each 
module, with the positive terminal (anode) and the negative terminal (cathode), it is very important 
not to confuse the connection of these two terminals. The back cover can be made of glass, 
although synthetic compounds (EVA or TEDLAR) are normally used, which have a null capacity to 
absorb moisture. This covering is usually white in color, to reflect photons that have not hit the 
cells and can be reflected back to them by the roughness of the glass.  
 
The front cover is usually made of tempered glass, anti-reflective and with a low iron content, this 
gives it good protection against impacts and excellent transmission of solar radiation. This glass 
has an extremely smooth outer face, to avoid accumulation of dirt. On the contrary, the inner face 
is very rough and allows a good adherence to the encapsulant and a better penetration of solar 
radiation. 
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Photovoltaic cells are very thin wafers, approx. 0.3 mm thick, of a semiconductor material, such as 
gallium arsenide or silicon. Normally, the latter is the most used due to its lower production cost, 
although it presents a lower overall efficiency (arsenide obtains a efficiency near to a 26%, 
against the silicon with aprox 24%). 
 
This material wafer undergoes doping treatments (introduction of impurities) on both sides. On the 
face where it receives solar radiation, it is doped with phosphorus (P) atoms that have 5 electrons 
in its valence shell. 
 
 
 

SILICON AMORPHOUS 13% 

CADMIUM SELENIDE 16% 

POLYCRYSTALLINE SILICON 20% 

MONOCRYSTALLINE SILICON 24% 

GALLIUM ARSENIDE 26% 

Estimated efficiency of the different types of solar cells 
 
 
 
As said, the resulting structure is consequently a crystal with some free electrons. This layer has a 
thickness of 0.2 to 0.5 μm, and is called layer N. The face that does not receive solar radiation is 
doped with boron (B), which has 3 electrons in its valence shell. 
 
The resulting structure is a crystal with excess holes, and it is called the P layer. To capture the 
current of electrons that will circulate through the wafer and take it to the outside, electrical 
contacts are placed on each of its faces. 
 
On the unlit P side, the contact is a thin metallic film that covers its entire surface. On the N side, 
the one exposed to solar radiation, the contact is made of very fine threads, in a comb structure, 
which cover a small part of the cell surface. 
 
In this way, a significant loss of performance is avoided, due to a decrease in the useful surface of 
the cell. 
 
These contacts are made of a highly conductive material, and are deposited on the cell by 
different methods, such as serigraphic or laser. 
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The next chart shows the evolution of the efficiency of the different types of solar cells: 
 

 
 
(font: NREL: https://www.nrel.gov/). 
  
 
 
 
And, in the next article it’s possible to understand why photovoltaic will be a key for the future 
green energy transition, as the price of this technology has decreased by 89% in 10 years: 
 
https://ourworldindata.org/cheap-renewables-growth 
 

  

https://www.nrel.gov/
https://ourworldindata.org/cheap-renewables-growth
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Types of solar cells 
 
 
There are several types of photovoltaic cells, depending on the material used in their 
manufacture. Some of them are becoming obsolete, while others are still in the process of 
experimentation and improvement. 
 
The types of cells that exist today are the following: monocrystalline silicon, polycrystalline silicon, 
amorphous silicon, gallium arsenide, and copper and cadmium sulfide. 
 
 
 

 
A roof installation where students can install photovoltaic panels securely in Usurbil Higher VET 
School.  
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● MONOCRYSTALLINE SILICON CELLS 
 

 
They are the most used today, due to their performance - cost ratio. They are made up of a single 
crystal silicon structure, which gives it good performance thanks to its structural perfection.  
 
The manufacturing process is the same as that used for the production of integrated circuits used 
in the electronics industry. Its production is expensive, due to the great technical complexity of the 
silicon purification process and the subsequent obtaining of a monocrystalline structure. 
 
 

 
As the name implies, the entire volume of the cell is a single crystal of silicon. It is the type of cells 
whose commercial use is more widespread nowadays 
 
The manufacturing process of the wafer, all of it, a single crystal of silicon, which will constitute the 
cell, begins by extracting the silicon from the sand. 
 
In this first extraction process, silicon still contains a large number of unwanted impurities and we 
usually refer to it as metallurgical grade silicon. The subsequent refining process first involves 
manufacturing SiHCl 3 (trichlorosilane) with it, which in a first phase will still contain a large 
number of unwanted elements. This is done because SiHCl 3 is a liquid compound, with liquids 
being easier to purify than solids. After this purification process, SiHCl3 of high purity is obtained. 
Then it is necessary to “recover” the solid form of silicon. Mixing SiHCl3 with H2 and heating it 
gives polysilicon (solid) and HCl. This polysilicon, although it is more purified, still does not 
constitute a monocrystal.  
 
The final result is a circular bar of silicon (ingot, ingot), which can measure several meters and 
have a diameter of several inches. This bar, by means of a cutting process, is from which the 
wafers with which the monocrystalline silicon solar cells are manufactured are finally extracted. 
During the cutting processes of silicon a large amount of material is wasted (40%–50%). 
 (taken from https://www.sciencedirect.com/topics/engineering/monocrystalline-silicon-cell). 

 
 
 
  

https://www.sciencedirect.com/topics/engineering/grade-silicon
https://www.sciencedirect.com/topics/engineering/monocrystal
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cutting-process
https://www.sciencedirect.com/topics/engineering/monocrystalline-silicon
https://www.sciencedirect.com/topics/engineering/monocrystalline-silicon-cell
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● POLYCRYSTALLINE SILICON CELLS 

 
They are similar to monocrystalline but, to simplify your process productivity, your network growth 
is not fully monitored crystalline. This results in its structure having a certain degree of 
imperfections and a decrease in performance. 
 
 
These cells have a lower performance-cost ratio than monocrystalline, but they are still 
manufactured because it is possible to produce them in a square format, which avoids the costs 
of a later mechanization.  
 
 
 

 
Comparing polycrystalline (left) to monocrystalline (right)  

solar cells (from: Wikipedia) 
 
 
 
In single-crystal silicon, also known as monocrystalline silicon, the crystalline framework is 
homogenous, which can be recognized by an even external colouring. The entire sample is one 
single, continuous and unbroken crystal as its structure contains no grain boundaries.  
 
 
Large single crystals are rare in nature and can also be difficult to produce in the laboratory (see 
also recrystallisation). In contrast, in an amorphous structure the order in atomic positions is 
limited to a short range. 
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● AMORPHOUS SILICON CELLS 

 
Amorphous silicon cells have certain advantages over monocrystalline ones, such as: lower 
production cost, possibility of can be manufactured in thinner layers (up to 50 times) and a greater 
absorption coefficient. 
 
 
On the contrary, its high recombination speed (due to the large number of imperfections in its 
crystal lattice) and the rapid degradation of cells when exposed to the sun, do not allow, for 
the moment, be a real option to monocrystalline cells. 
  
 
Work is being done on the manufacture of amorphous cells of different layers, each sensitive to a 
type of luminous radiation, to be able to equal in performance and useful life to the 
monocrystalline ones. 
  
 
If, in the future, it is possible to solve these deficiencies, amorphous cells may be the elements 
that allow a massive use of photovoltaic solar energy. 
 
 
 
 

 
Differences on the molecular structure of solar cells (from: Wikipedia) 
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● GALLIUM ARSENIDE CELLS 
 

 
Gallium arsenide (AsGa) is the ideal element for the manufacture of photovoltaic cells, due to it 
having a high absorption coefficient. In its monocrystalline form, it can achieve a practical yield of 
up to 25%. The problem for its use is its low abundance in nature, so the cost - performance of 
these cells is very high. 
 
Gallium arsenide is an important semiconductor material for high-cost, high-efficiency solar cells 
and is used for single-crystalline thin-film solar cells and for multi-junction solar cells. The first 
known operational use of GaAs solar cells in space was for the Venera 3 mission, launched in 
1965.  
 
 
 
 

 
Thermal and photovoltaic solar panels in Usurbil Higher Vet School. 

 
  

https://en.wikipedia.org/wiki/Solar_cell
https://en.wikipedia.org/wiki/Thin-film_solar_cell
https://en.wikipedia.org/wiki/Multi-junction_solar_cells
https://en.wikipedia.org/wiki/Venera_3
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● OTHER CELL TYPES: CADMIUM AND COPPER SULFIDE CELLS 
 

 
 
Researchers are developing prototypes with new materials in order to obtain more efficient and / 
or cheaper solar cells. Cadmium and copper are some materials under test.  
 
 
Cadmium and copper cells are cells composed of a layer of cadmium sulfide (SCd) and another of 
copper sulfide (SCu2). They present good performance, but are an economical alternative, due to 
their ease of manufacture and its extremely low production costs. These cells are under 
investigation to solve aging problems. 
 
 

 
Solar photovoltaic-based microgrid and passivhaus-oriented building in USURBIL HIGHER VET 

SCHOOL. 
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ELECTRICAL CHARACTERISTICS OF A PHOTOVOLTAIC PANEL 
 
 
The main electrical characteristics of the PV modules are: the peak voltage Vp, the peak intensity 
Ip and the peak power Wp. (Vp = Vmax; Ip = Imax; Wp = Wmax) The most normalized voltages 
are usually: 6 V, 12 V and 24 V. The 12 V modules are the most used in autonomous PV 
installations, since it is the normalized voltage for accumulators (batteries).  
 
The vacuum voltage of a 12 V module is usually approximately 22 V. The power of the modules 
varies in very wide margins; There are modules from 5 Wp to several hundred watts. To obtain an 
18 V module, starting from standard 0.5 V 3 A cells, 36 cells will need to be connected in series. 
 
To obtain a module of 18 V and 6 A, starting from standard cells of 0.5 V and 3 A, 36 groups of 2 
cells in parallel need to be connected in series. 
 
 

 
 
Taking into account that the PV modules are made up of cells, connected in series and parallel, 
their parameters will be identical. The only difference will be its numerical value. As a reminder, 
the parameters of the modules are:  
 

● Icc: Short circuit current (Amps)  
● Vac: Open circuit voltage (Volts) 
● Ip: Imax Peak current - Maximum current (Amps)  
● Vp: Vmax Peak voltage - Maximum voltage (Volts)  
● Wp: Wmax Peak power - Maximum power Watts  
● Ff: Form factor  
● Η: Efficiency  
● PMP: Maximum Power Point (Watts) 

 
 
The losses produced in a photovoltaic module are: by reflection, by transmission, by non-
absorption, by recombination, by Joule effect and by reduction of surface. Reflection losses, as 
mentioned above, are those due to the electrons reflected by the surface layer of the module. 
Transmission losses are those produced by photons of energy higher than Eg (it means, the 
energy needed by valence electrons to pass to the conduction layer), only a part of this energy 
produces electron-hole pairs, dissipating the rest. This is due to the finite value of the absorption 
coefficient and the width of the semiconductor.  
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To avoid or reduce these losses, special double-sided cells are being designed. The non-
absorption losses are those produced by photons of energy lower than Eg. These photons pass 
through the cell without creating electron / hole pairs because they do not have enough energy to 
do so. Recombination losses are those produced by the union of electron / hole pairs that fail to 
reach the N and P zones respectively.  
 
The losses due to the Joule effect are those due to the heating produced by the circulation of the 
intensity through the silicon. 
 

 
 
 
The decrease in the active surface of the front face of the module, due to the deposition of the 
electrical contacts of each cell, the space between them and with respect to the frame, produce a 
decrease in the active area of the module, which influences its performance. All losses, 
depending on the scientific and technological advances that are taking place in this field, will tend 
to be reduced to values close to zero.  
 
 
On the contrary, non-absorption losses cannot be reduced, as they depend on the cell material. 
The theoetical efficiency of a monocrystalline silicon photovoltaic cell is approximately 25%, in 
reality, once placed in the modules, the efficiency of 17% is not exceeded. 
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CHARACTERISTIC CURVE OF A PHOTOVOLTAIC PANEL 

 
 
 

The characteristic curve of a photovoltaic panel, also called the intensity-voltage curve (I-V curve 
for short), represents the voltage and current values, measured experimentally, of a typical 
photovoltaic panel subjected to certain constant conditions of insolation and temperature. 
 
By varying the external resistance from zero to infinity, various torque values (i-V) can be 
measured, which interpolates them form the characteristic curve (see figure). 
 
Point A is any point that represents the operation of the panel under conditions (determined by the 
resistance or external "load") of Intensity and Voltage. The panel develops a certain power iV, 
which geometrically coincides with the area of the rectangle whose upper right vertex is point A. 
 

 
http://www.energetika.com.ar/Curva%20I-V.html 
 

 
If point A were to "move" to the right, going down the curve, it is seen that the area of said 
rectangle, as i decreases very rapidly, would become smaller and smaller. The same would 
happen if said point were moved to the left, approaching the coordinate axis, since in this case 
what would become very small would be the value of V. 
 
There will be a certain intermediate point B that makes the area of the rectangle as large as 
possible. This point B is the point of maximum power 
 
The Form Factor (FF) is the quotient of the area of the rectangle defined by point B and the 
rectangle outside the curve, whose sides are Isc and Voc. 
 
 
 
  

http://www.energetika.com.ar/Curva%20I-V.html
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EFFECT OF ORIENTATION, INCLINATION AND SHADOWS 
 
 
The perfect orientation of the panel is facing SOUTH. Therefore, if we will install the panels over a 
strcture without architectonic limitations, we will select SOUTH orientation. But, as integration in 
the architecture of a building is always desirable, we can asume some efficicency losses due to it. 
We will calculate these losses following the tables explained in the first chapter.  
 
 
As for the inclination off the panel, the perfect one is the angle corresponding to the latitude of the 
place. If we want to know the latitude of a place, we can use GOOGLE MAPS; by clicking over the 
map we can see in the screen the GPS coordinates of the place. For example, if we want to install 
some panel son the LAEKEN district of BRUSSELS, we will install them with an angle over earth’s 
surface of 51º: 

 
As the coordinates of the Laeken district of Brussels are (50.87, 4.35),  

we will orient the pannels according the latitude that corresponds to approx. 51º 
(image taken from Google Maps). 

 
 
 
Anyway, architectural integration of the panel is always desirable so if we will calculate the 
efficiency losses of the corresponding deviation following the tables explained in the previous 
chapter.  
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It is also desirable that no object will interfere between the panel and the sun. But, if there is any, 
we can calculate the efficiency loses drawing the angles that will be measured with the 
CLINOMETER over the specific graph: 
 

 
 

For more info, you can use the PVGIS software: 
https://photovoltaic-software.com/pv-softwares-calculators/online-free-photovoltaic-software/pvgis 

 
 

https://photovoltaic-software.com/pv-softwares-calculators/online-free-photovoltaic-software/pvgis
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Solar photovoltaic panels installed on Usurbil Higher VET School 
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PANNEL GROUPING AND CONNECTION TYPES: series, parallel and mixed 
 
 
 
As said before, solar panels can be grouped in different ways: 
 
 
• PARALLEL CONNECTION To obtain a current greater than that of a single module, it is 
necessary to connect several (two or more) in parallel. It is very important that all of them have the 
same V-I characteristics. For this, these are selected one by one based on their tolerance. The 
intensity of the set of panels in parallel will be the sum of that of all the panels, therefore the 
connection conductors will increase their section depending on the number of panels they 
connect. 

 
 
 
• SERIAL CONNECTION To obtain a voltage higher than that of a single module, it is necessary 
to connect several (two or more) in series. It is very important that all modules have the same V-I 
characteristics. To do this, they are selected one by one based on their tolerance. The intensity of 
the set of panels in series will be the same as that of a panel, therefore the connection conductors 
will be of the same section. 
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• MIXED CONNECTION In this case, the desired voltage will be obtained by associating several 
modules in series (Ms). This set forms a branch of the generator. The desired intensity will be 
obtained by associating a certain number (nR) of branches in parallel. In installations of a certain 
power, to avoid large cable sections, it is advisable to place the largest number of modules in 
series. As long as the working voltage of the elements connected to them allows it.  
 
 
In the case of having to connect many branches in parallel, it will be convenient to take the cables 
of each one of them to a central connection box, and in it connect all of them in parallel. In this 
way, the section of the conductors will be the same throughout the installation. 
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The hot spot phenomenon occurs in cases where a cell, which is part of a module, does not have 
the same characteristics as the rest. This can be caused by a manufacturing defect (I-V values 
out of tolerance), a poor connection or a partial shading of the module. 
 

 
Fenómeno de punto caliente observable en diferentes celdas de una placa fotovoltaica  

utilizando una cámara termográfica. 

 
 
 
Since the cells are sources of current and are connected in series, approx. the maximum 
intensity, higher than that produced by it. Under these conditions, the voltage generated by the 
faulty cell reverses its polarity (as it behaves as a load) and increases considerably. Producing a 
considerable power dissipation in it. This power dissipation can become so great (the more cells 
connected in series, the greater the dissipation), that the panel deteriorates due to an excessive 
increase in temperature. (Hotspot). 
 
To solve this problem, it is enough to place an anti-parallel diode in parallel with each cell or 
groups of cells. In this way, the reverse voltage of the faulty cell or group of cells does not exceed 
0.7 V, of diode voltage drop. Circulating the intensity (I), of the rest of the cells, through said 
diode. In this way, the power dissipated will be: P = 0.7 V • i If the panel is connected to a battery 
or to some control circuit, it tends to keep its voltage constant. For this, non-defective cells will 
tend to increase it, to compensate for the negative voltage generated by the defective cell.  
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BASIC PARAMETERS OF A SOLAR CELL 
 
Based on the resulting graph of the intensity – voltage parameters of a photovoltaic cell, we can 
deduce some of its technical characteristics. These parameters are determined for solar radiation 
of: 1,000 W/m² or 100 mW/cm² 

 
 
Icc. – Short circuit current. It is the intensity that circulates through the cell, when its output 
terminals are short-circuited (zero voltage). We can measure it by connecting an ammeter directly 
to its output. 
 
vac. – Open circuit voltage. It is the maximum voltage that the cell gives us, when no load is 
connected between its terminals (zero intensity). It is measured by connecting a voltmeter 
between its terminals (approximately 0.5 V). 
 

 

 
 
 
ip – Peak or maximum intensity It is the intensity that circulates through the cell for a radiation of 
1,000 W/m2 at 25 ºC 
 
Vp – Peak or maximum voltage It is the maximum voltage that the cell gives us for a radiation of 
1,000 W/m2 at 25 ºC. 
 
Wp. – Peak or maximum power It is the Ip – Vp point, of maximum value, that can be reached on 
the I – V curve. 
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ff. – Form factor. It is the ratio (Ip x Vp / Icc x Vac). It is evident that its value is less than unity, and 
it helps us to determine the quality of the cells. In monocrystalline, this value is usually between 
0.7 and 0.8. 
 
η. - Performance. (conversion efficiency) It is the relationship between the peak power Wp and 
the radiation power received by the cell, Wr. 
 
Performance Example: Taking a cell of 100 cm2, and 2.4 Wp at max. of 100 W/m2 (100 
mW/cm2). At this irradiance in 100 cm2 Wr =10 W; therefore Wp/Wr = 2.4/10 = 0.24; 24% 

 

 
PMP.- Point of maximum power It is the point of the graph in which the maximum power is 
obtained for any value of radiation. When this is 1,000 W/m2 the PMP = Wp. The PMP is the 
optimal working point of the cell. 

 
 
The two physical variables that have the greatest incidence on the parameters, V and I, of a cell 
are: Temperature and solar radiation. 
 
The temperature variation produces a variation in the cell voltage according to the following 
graph. 
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As we can see, a variation in temperature corresponds to an inverse variation in the open circuit 
voltage of the cell. This variation becomes less evident when we connect the cell to a load. 
 
If we subject the cell to variable radiation, maintaining a constant temperature, and take the data 
(V and I) for different loads; we will get the following graph. 
 

 
 
 
 
In this graph, we can see that; the open circuit voltage is practically constant for any level of 
radiation and, conversely, the short-circuit intensity decreases with it. 
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Energy Storage. Battery types and basic parameters 
 
Batteries are often used in PV (PhotoVoltaic) systems for the purpose of storing energy produced 
by the PV array during the day, either to supply it to electrical loads as needed when there is not 
sunshine (during the night and periods of cloudy weather) or when the power of the PV module 
array is not sufficient to meet the load.  
 
Other reasons for using batteries in PV systems are: to make the PV array operate near its 
maximum power point; to power electrical loads at stable voltages; and to supply surge currents 
to electrical loads and inverters. In most cases, a battery inverted is used in these systems to 
protect the battery from overcharge and over discharge. 
 

 

The battery is a critical component that needs to be sized adequately for 
securing uninterrupted supply of electricity. The battery usually presents a 
major fraction of the system cost and has a limited lifetime, shorter than any 
other properly sized component. 

 

To properly select batteries for use in PV systems, it is important that system designers have a 
good understanding of their design features, performance characteristics and operational 
requirements.  

 

In general, electrical storage batteries can be divided into two major categories, primary and 
secondary batteries. Primary batteries irreversibly transform chemical energy into electrical 
energy and cannot be recharged. On the contrary, secondary batteries transform chemical energy 
into electrical energy and vice versa, and can be easily recharged. 

 

The information in the following sections is intended to be a review of basic battery characteristics 
and terminology as is commonly used in the design and application of batteries in PV systems. 
The information provided relates to secondary batteries. 
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MAIN SPECIFICATIONS THAT CHARACTERISE PERFORMANCE OF 
BATTERIES 

 

Batteries are classified by three main characteristics: chemistry, voltage and specific energy 
(capacity). There are also other relevant factors to be considered in order to understand the 
performance of a battery, as described in the following paragraphs. 
 
 
 
 

a) TYPES OF BATTERIES 

The most common battery chemistries are nickel (NiCd, NiMH, Sodium Ni) lead (Lead-acid and 
its variations, as AGM, gel and flooded) and lithium (the Li-ion family, with the most used LFP and 
NMC) and each system needs a designated charger. Charging a battery on a charger designed 
for a different chemistry may appear to work at first but might fail to terminate the charge correctly. 
Each chemistry has different regulatory requirements.  

 

Because of their 3 to 5 times higher costs compared to lead acid batteries, NiCd and NiMH-
batteries are used in photovoltaic systems only in special cases, when there is demand for an 
extremely long durability, for those cases affording absolute impermeability to gas, when used in 
very small devices or whenever the system is installed in a very cold environment. 

 

Lead-acid batteries have nowadays the greatest practical relevance for photovoltaic off-grid 
systems. They are dependable and inexpensive on a cost-per-watt base.  

 

But the Li-ion family is receiving increasing attention and is gradually replacing lead-acid ones. 
This is because the Li-ion family has a number of benefits, notably its high specific energy, simple 
charging, low maintenance and being environmentally benign. In fact, when calculating price-per-
cycle Li-ion wins over lead acid when repeat cycling is required, as operational costs need to be 
also considered. As a consequence, the use of lithium-ion batteries is increasing quite rapidly. 

 

An important reason for the rapid evolution of Li-ion technology is the increasing relevance of 
electric automobiles, where this type of batteries are widely used. Therefore, technological 
evolution and widespread use of Li-ion batteries is expected to continue in the upcoming years. A 
general comparison between lead-acid and Li-ion batteries is included later in this chapter. 
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b) VOLTAGE 

Batteries are marked with nominal voltage. However, the Open Circuit Voltage (VOC) on a fully 
charged battery is 5-7% higher. The Closed Circuit Voltage (VCC) is the operating voltage.  

 

It is important to always check for the correct nominal voltage before connecting 
a battery. 

 

The terminal voltage of a battery is maximum when it is fully charged and when no current is 
flowing. The condition of no current flow is equivalent to an open circuit. Therefore, the maximum 
terminal voltage of a battery is also referred to open circuit voltage of a battery (VOC = emf), being 
efm the  electromotive force 

 

When a discharge current flows through a battery, its terminal voltage is lower than the open 
circuit voltage. This happens because of the internal resistance of the battery. Due to its own 
resistance, some voltage drop occurs inside the battery. This voltage drop is equal to the current 
flowing through the battery multiplied by the internal resistance of the battery. Internal resistance 
influences efficiency of the battery. As internal resistance increases, the battery efficiency 
decreases and thermal stability is reduced as more of the charging energy is converted into heat.  

Vbat = efm – Ri * I  

(Joule losses: voltage drop inside the battery due to its internal resistance) 

The same thing happens when charging a battery. The flowing current causes a voltage drop at 
the internal resistance and therefore the terminal voltage is higher than the efm. 

 

A charging / discharging battery has a lower terminal voltage than VOC 

A further characteristic is the maximum voltage that should not be exceeded in order to avoid 
damage to the batteries. For a lead-acid battery cell (individual unit of battery) the nominal voltage 
is 2V although it typically varies between 1.8V and 2.4V according to the state of charge of the 
battery and the discharge or recharge current. For a Li-ion battery, cell voltage is up to 3.60V. In 
most cases, solar charge controllers will ensure that these voltages are not exceeded.  
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c) CAPACITY 

 

Capacity represents the amount of energy that can be stored, measured in ampere-hours (Ah). 
Nevertheless, the effective capacity a battery provides is dependent on discharge current (Joule 
losses), the temperature and, particularly, the age of the battery measured in the number of 
cycles it has already performed. 

 

 

 

 

The number of amp-hours a battery can deliver is simply the number of amps of current it can 
discharge, multiplied by the number of hours it can deliver that current. 

 

Systems designers use amp-hour specifications to determine how long the system will operate 
without any significant amount of sunlight to recharge the batteries. This measure of “days of 
autonomy” is an important part of design procedures. 

 

Theoretically, a 200 amp-hour battery should be able to deliver either 200 amps for one hour, 50 
amps for 4 hours, 4 amps for 50 hours, or one amp for 200 hours.  
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d) C-rating 

 

The battery capacity depends on the discharge time. Higher current than rated results in lower 
useful capacity. Much higher current can damage the battery. Therefore, do not use much 
higher current for charging/discharging batteries in PV systems. 

A discharge time of 10h is written C10. 

50Ah C10 means discharging in 10 hours � 50Ah /10 = 5A 

60Ah C20 means discharging in 20hours � 60Ah / 20h = 3A 

 

 
 

 

Typical discharge curves of lead-acid as a function of C-rate. 
 
While lead- and nickel-based batteries can be discharged at a high rate, the protection circuit 
prevents the Li-ion Energy Cell from discharging above 1C.  
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e) Cycle life 

 

The interval which includes one period of charging and one of discharging is described as a 
“cycle”. Ideally the batteries are recharged to 100% capacity during the charging phase of each 
cycle. The batteries must not be completely discharged during each cycle. New types of batteries 
are less sensitive to deep discharge, as Lithium or Salt-Water-batteries. 

 

A battery cannot be used for infinite numbers of charge-discharge cycles. In fact, due to each 
charge and discharge cycle, the capacity of a battery decreases slightly. Therefore, depending on 
the material and technology used for making a battery, it can be used only for a certain number of 
cycles. The usable number of charge-discharge cycles of a battery is referred to as cycle lifetime 
of a battery. The cycle lifetime defines the number of times a battery can be discharged and 
recharged until its capacity has dropped to 80% of its original capacity. 

 

A battery’s lifetime is dramatically influenced by the ratio of discharge current over capacity (the 
smaller the better) and the depth of discharge (the less discharge the better). The state of charge 
and the temperature also influence aging of batteries. Most batteries have their best lifetimes 
when they are kept at about 20°C. Significant deviations from this temperature lead to substantial 
decreases in the usable lifetime of the battery. 
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f) Efficiency of a battery 

 

The efficiency of a battery, i.e. the ratio between the energy that it can provide during a cycle and 
the total energy put into a battery is not unity and can be calculated for assessing the quality of a 
battery. Most batteries have an efficiency of about 80 to 90%. The efficiency depends on the 
discharge rate (the higher the discharge rate, the higher the Joule losses, and consequently, 
efficiency and capacity decrease). 

 

Energy Efficiency= Discharge Energy (Wh) / Charge Energy (Wh) 

 

Resistance and chemical reactions reduce efficiency. High current (fast charge /fast discharge) 
reduces efficiency. Typically for lead acid batteries C10 is advisable. 

 

● More energy is needed for charging a battery than is recovered during discharging. 
Reasons: internal resistance and chemical processes producing heat. 

● Charging occurs at a higher voltage than discharging for the same current. 
● At the same current, charging takes longer than discharging for one cycle. 
● Over-voltages during charging and voltage drop during discharging depend on the 

respective current, hence the efficiency is higher for lower currents with longer 
charge/discharge times. 

● A reasonable estimate for the energy efficiency is 80% to 90%. 
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g) Depth of Discharge (DoD) 

 

Most batteries need to retain some charge at all times due to their chemical composition. If you 
usually de-charge your battery to 0% of it’s battery’s charge in each cycle, its useful life will be 
significantly shortened. The depth of discharge (DoD) of a battery refers to the amount of a 
battery’s capacity (how much of its total amp-hour capacity) that has been used. Most 
manufacturers will specify a maximum DoD for optimal performance and durability.  

 

For example, if a 10 kWh battery has a DoD of 90 percent, you shouldn’t use more than 9 kWh of 
the battery before recharging it. Generally speaking, a higher DoD means you will be able to 
utilize more of your battery’s capacity. 

 

Shallow cycle batteries are designed to discharge from 10% to 25% of their total amp-hour 
capacity (e.g. car batteries) during each cycle. But “deep cycle” batteries which are designed for 
photovoltaic applications are designed to discharge up to 80% of their capacity without damage. 
However, when designing a solar system, the right daily DoD needs to be chosen in order to 
ensure a long life of the battery.  

 

The DoD-number of cycles relationship depends on the type of battery, 

and it is usually included in the specification sheet. 

 

All lead-acid batteries, including deep-cycle ones are affected by the depth of discharge. The 
deeper the discharge, the smaller the number of charging cycles the battery will outlast. They are 
also affected by temperature. The following tips should be considered: 

1. Every charging-discharging cycle reduces the battery capacity slightly. 
2. Deep discharge (DoD) reduces the battery capacity significantly. 
3. Batteries with Large DoD means: 

● Most of the capacity of the battery is used. 
● Initial cost are lower. 
● Life time is reduced, therefore, the battery needs to be replaced more often. 

4. Batteries with Small DoD means: 
● Only a small percentage of the battery is used. 
● Life of the battery is longer 
● Initial costs are higher 

For lead-acid batteries the chosen daily DOD will be around 20% to 50% to ensure a long life.  
 
Advanced tubular gel and lead-carbon batteries are more durable than traditional gel and AGM 
batteries and can sustain much greater depth-of-discharge, with up to 70% available (in backup 
situations). However, battery cycle life will be severely reduced if deep discharges occur on a 
daily basis. 

So, NEVER discharge a lead-acid battery more than 80%! 

 

Lithium batteries can generally be discharged up to 70-80% on a daily basis, and up to 95-100% 
in backup situations. Nevertheless, always refer to manufacturer specifications. 
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e) State of Charge (SoC) 

It is an expression of the present battery capacity as a percentage of maximum capacity. SOC is 
generally calculated using current integration to determine the change in battery capacity over 
time. The SoC conditions terminal voltage and open circuit voltage. 

SoC= 1- DoD 

For Lead-acid batteries, simple SoC measurements, can be done with voltimeter or hydrometer 
and the help of this table: 

● To check the voltage properly, the battery should rest for 3h or more 
● Disconnect all charging source and loads!! 
● These readings are best taken early in the morning. 
● For Gel batteries substract 0,2V from the number in the following table. 
● In the case of Li-ion batteries, the additional circuitry added to the system offers 

continuous monitoring of SoC. 

 

 

 

For example, if we measure 12.54V in a 12V lead-acid battery, it means that its SoC is of 90%, it 
means, it’s 90% charged. 

As we said beffore, a lead acid battery should not be discharged less than 12.0V (50% of its 
charge, approx.). Beware that this voltage is the open circuit voltage. A battery may have a 
terminal voltage of 11.6V, while powering a load. When the load is switched off, the battery 
voltage will increase and stabilize at its Voc (Open Current Voltage). Only this value is useful to 
determine the SoC. Therefore, the battery has to be disconnected from any load or charge for 
about 20 minutes before this measure can be done correctly. 
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Exercise: calculation of needed numbers of batteries 

 
 
5 lamps need 12V and 2A each, which is 24W lamp. We need them for 9 hours and accept a daily 
DoD of 30%. We have batteries with 12V / 100Ah. How many batteries do we need? 

C = 5 lamps * 2A/lamp * 9h= 90Ah 

30% DoD of 100Ah � 100Ah * 0.3 = 30Ah � One battery provides 30Ah, we need 90Ah 

 � 90Ah / 30Ah/battery = 3 batteries 

Answer: 3 batteries 
 
Now we have the same 5 lamps and the same batteries, but we accept 45% DoD. 
How many batteries do we need? 

C = 5 lamps * 2A/lamp * 9h = 90Ah 

45% DoD of 100Ah � 100Ah*0.45 = 45 Ah � One battery provides 45Ah, we need 90Ah 

 �90Ah / 45Ah/battery = 2 batteries 

Answer: 2 batteries 
 
 
 
 

12V Lead acid battery: 
  
 

● Fully charged at 13.8V (0% DoD; 100% 
SoC) 

● Discharged at 11.8V (100% DoD; 0% SoC) 
● Fully charged at 13.8V (0% DoD; 100% SoC) 
● Discharged at 11.8V (100% DoD; 0% SoC) 

 

Battery capacity: C = I*t 
 
Battery capacity[Ah] = current[A] + time[t] 
 

 

Depth of Discharge (DoD) of a battery can be measures via voltage State of 
Charge 
SoC = 1 – DoD 

 
Battery capacity[Ah] = current[A] + time[t] 
Depth of Discharge (DoD) of a battery can be measures via voltage State of Charge 
SoC = 1 – DoD 
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Difference between standby use and cycle use 

Standby use  
Energy should be stores for long period and is only rarely used. For example, for emergency 
illumination or computer UPS (100% charging up to 2.3V/cell). 

● The amount of the energy stored in the battery is higher when the voltage is higher. 
● Long life of the battery is important -> charging to 100% 
● Standby use: charging to 13.8V @20°C. 

Cycle use 
To store as much energy as possible per cycle. The battery is charged to higher voltages (to 
110% - 120% SoC, 2.4V/cell). 

● More energy stored but life time will be reduced.  
● Higher capacity available, fast charging 
● Cycle use: charging to 14.4V @20°C. 

 

 

 

Self-discharge 

 

Self discharge (Shelf life) is the charge consumed when the battery is not in use for a long time, 
i.e. sits on the shelf. The reason for self-discharge is the electrochemical process which takes 
place within the cell and it is equivalent to the application of a small external load. Self-discharge 
of a battery should be as low as possible and is directly influenced by its chemistry. The self-
discharge rate of a battery increases with the increase in temperature of the battery and ambient 
humidity. Therefore, it is recommended to store batteries at lower temperatures and in well 
ventilated places in order to reduce self-discharge. 

 

Lead-acid batteries lose up to 50% of the charge in 3 to 4 months (best batteries lose only 3% to 
5% in just 6 weeks), while NiMH batteries lose 50% in just 6 weeks. Li-ion batteries have low self-
discharge rates, typically less than half that of NiCd and NiMH. 
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Because of the self-discharge it is highly recommended to charge a new battery immediately after 
purchasing from the shop (because we don’t know how long the battery was stores from time of 
production up to the latest dealer). 

Lead-acid batteries dried charges (i.e. without liquid electrolyte) can be stored for years. On the 
contrary, lead-acid ready to use (i.e. filled with liquid electrolyte or gel electrolyte) must be 
recharged regularly (minimum every six months). 

While nickel-based batteries can be stored in a fully discharged state with no apparent side effect, 
Li-ion and lead acid batteries cannot be fully discharged and must be stored with a remaining 
charge. Li-ion, for instance, must not dip below 2V/cell for any length of time.  
 

 
Source: https://www.cleanenergyreviews.info/ 

 

Source: https://www.cleanenergyreviews.info 

 

 

Life Expectancy of a battery 

● Battery manufacturers specify life expectancy in terms of quantity of cycles, rather than 
years. 

● Batteries lose capacity over time and are considered to be at the end of life when 20% of 
their original capacity is lost, although they can still be used. 

● In solar stand-alone systems, most a time there is one cycle per day (charging during day 
and discharging in the night) 

 

  

https://www.cleanenergyreviews.info/
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Battery life vs. DoD (Depth of Discharge) (Lead-acid batteries) 

● Preferable DoD≤20% up to 50% on a regular basis. For the solar system, it is calculated 

based on a 24hrs daily cycle. 

● Max DoD of 70% during cloudy days or extreme conditions. 
● Prolonged use of the battery below 50% state of charge will affect the long-term health of 

the battery and can result in premature failure. 
● Total discharge a battery may result in permanent damaging and reduce life. 
● Self-discharge (increases with temperature)- Loss of capacity 2-3% / month at 20°C. 
● The capacity of a battery reduces with every cycle by a small fraction depending on the 

DoD of the cycle. 
● Lead-acid batteries labeled, e.g. “Cycle Use”, “Deep Cycle” or “Solar” are made to last for 

many cycles with lower currents (C10… C20). 
● Lead-acid batteries for cars are made to give high currents for short durations. They are 

not suited for PV systems. 
● For solar systems: low DoD involves longer lifetime, but large battery capacity is required. 

 
Li-ion batteries provide  better performance in terms of DoD / number of cycles. 
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Example of a typical GEL battery: 

● System: 12V 
● Battery: 12V / 100Ah C10 
● Prize per Battery: about 160€ 
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CALCULATIONS OF THE MOST COST EFFECTIVE WAY TO USE A 
BATTERY 

 
 

 
 
 
 
Summary: 

● High DoD means that low capacity is needed, with initial cost but short life. Battery needs 
to be exchanged often and costs accumulated over time are higher. 

● Low DoD means long battery life, but a higher capacity is needed and the initial cost 
increases. 
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LITHIUM-ION BATTERIES 

 

Lithium is the lightest of all metals, has the greatest electrochemical potential and provides the 
largest specific energy per weight. Rechargeable batteries with lithium metal on the anode could 
provide extraordinarily high energy densities. Nevertheless, the inherent instability of lithium 
metal, especially during charging, shifted research to a non-metallic solution using lithium ions.  

 

In 1991, Sony commercialized the first Li ion, and today this chemistry has become the most 
promising and fastest growing battery on the market. Although lower in specific energy than 
lithium-metal, Li-ion is safe, provided that voltage and currents limits are being respected. The 
following graphic shows performance of the different chemistries (energy density, weight and 
size). 

 

Source: Royal Society of Chemistry publication (https://pubs.rsc.org) 
 

The key to the superior specific energy of Li-ion is the high cell voltage of 3.60V. Improvements in 
the active materials and electrolytes have the potential to further boost the energy density. Load 
characteristics are good and the flat discharge curve offers effective utilization of the stored 
energy in a desirable and flat voltage spectrum of 3.70–2.80V/cell. Self-discharge is less than half 
that of nickel-based systems and this helps fuel gauge applications. The nominal cell voltage of 
3.60V can directly power mobile phones, tablets and digital cameras, offering simplifications and 
cost reductions over multi-cell designs.  

 

Li-ion batteries come in many varieties but all have one thing in common – the “lithium-ion” 
catchword. Although strikingly similar at first glance, these batteries vary in performance and the 
choice of active materials gives them unique personalities. Lithium-ion is named for its active 
materials; the words are either written in full or shortened by their chemical symbols: 

● Lithium Manganese Oxide (LiMn2O4) — LMO 
● Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2) — NMC 
● Lithium Iron Phosphate(LiFePO4) — LFP 
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The key benefits of LFP batteries are high current rating and long cycle life, as well as good 
thermal stability, enhanced safety and tolerance. The latter makes this battery one of the safest 
Li-ion ones. Li-phosphate is more tolerant to full charge (and to some overcharge) conditions and 
is less stressed than other lithium-ion systems if kept at high voltage for a prolonged time. Its 
typical cycle life is 2000 and higher (related to temperature and depth of discharge) and can have 
a durability of decades. Their typical nominal voltage is 3.20V, with an operating range 2.5-
3.65V/cell, Specific energy capacity around 90-120Wh/kg. Elevated self-discharge. 

 

The main drawback of Li-ion batteries is the need for protection circuits to prevent abuse. As 
these batteries are manufactured using flammable components, if they overheat too much they 
can even explode. An additional electronic circuit, called Battery Management Systems (BMS), 
is needed to monitor the state of the battery, which raises the total cost of the battery system.  

 

While their main function is safety, these systems can be programmed with advanced algorithms 
to benefit the user with higher measurement precision, performance, and case-specific solutions 
that enhance the battery and the quality of the application As a consequence of including that 
additional circuitry, the self-discharge becomes a little faster. It should be noted, though, that 
technology has advanced quite a lot and currently it can be affirmed that this technology is safe 
and does not cause explosions. 

 

Li-ion is a low-maintenance battery, an advantage that most other chemistries cannot claim. The 
battery has no memory and does not need exercising (deliberate full discharge) to keep it in good 
shape. Li-ion batteries may be charged even whenever they are not completely discharged 
without reducing their life. They are sensible to changes in temperature and have some problems 
when working at low or high temperatures. High temperatures may cause corrosion or gas 
generation. The range of temperature for functioning is usually -20 to 60°C when discharging and 
0 to 40°C charging. Ageing of this kind of battery increases when working at high ambient 
temperature. 

 

 
 

Advantages of Lithium-ion Limitations of Lithium-ion 

High specific energy and high load 
capabilities  
Long cycle and extend shelf-life; 
Maintenance free. 
High capacity, low internal resistance 
Simple charge algorithm and reasonably 
short charge times. 
Low self-discharge (less than half that of 
NiCd and NiMH) 

Requires protection circuit to prevent thermal 
runaway  
Degrades at high temperature and when stored at 
high voltage 
No rapid charge possible at freezing temperatures 
(<0ºC, <32ºF) 
Transportation regulations required when shipping 
in large quantities 
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Li-ion batteries usually have their Safe Operating Area (SOA) defined. The SOA is delimited by 
current, temperature and voltage: 

● Maximum charge voltage: the cell can inflame if a certain voltage value is exceeded. 
● Maximum discharge voltage: the cell can be damaged if gone below a certain voltage 

value. 
● Temperature: The lifetime of the cell drops dramatically if charge/discharge is done out of 

the operating temperature range. 
● Maximum discharge and charge current: the lifetime of the cell reduces if discharge is 

done at a high current or if charge is done very fast. 
● Current pulses: the cell can be damaged if current pulses occur for more than a few 

seconds. 
 
The BMS has to monitor all of these parameters and some more. But these limits significantly 
vary depending on the chemistry of the cell and the manufacturer.  

 

SOA for a LiFePO4 battery 
Source: TFM Universitat Oberta de Catalunya 

 

 

When cells are series connected within the battery the ideal situation is that voltage divides 
equally between the cells. Nevertheless, this is not usual due to small tolerances in the 
manufacturing of cells. For lead-acid batteries this is not a problem because they have higher 
tolerance to voltage variation. For Li-ion batteries, if high performance is wanted, all the cells need 
to have the same voltage. If not, during the charging process, one cell might attain its maximum 
capacity when the others have not yet attained that point.  

 

In such a situation, the BMS should stop the charging in order to protect the cell. Therefore, to 
guarantee maximum capacity in the whole battery, the BMS needs to apply a method called 
balancing: it slows down the charge of the cells having higher voltage, so the other can be 
charged at their maximum capacity. Many different algorithms allow for this method to be applied. 

 

A Battery Management System (BMS) is an intelligent component of a battery 
pack responsible for advanced monitoring and management. It is the brain 
behind the battery and plays a critical role in its levels of safety, performance, 
charge rates, and longevity. 
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Therefore, the BMS is a circuitry with a main objective: guarantee that all cells are working within 
their SOA. The BMS can also be referred to as VMS (Voltage Management System) or PCM 
(Protection Circuit Module). The functions a BMS should carry out are: 

● Monitor the battery: properly process all data from sensors, as temperature, voltage, 
current, and so. 

● Protect the battery: prevent voltage in cells from exceeding limits, stopping 
charge/discharge if needed. Avoid temperature in cells to exceed limits, either stopping the 
system or refrigerating it. Finally, avoid current from exceeding limits. 

● Evaluate the state of the battery: based on data form sensors and applying algorithms, 
calculate SOC or State of Health (SOH). 

● Maximize performance of the battery: perform an adequate balancing system for 
guaranteing an optimal level of charge for all cells. 

● Inform users and other external devices: permit queries on voltages, currents, 
temperatures, SOC, SOH, etc. through a screen or a communications interface. 

 
 
 
Security 
Most relevant issues to be considered with Li-ion batteries are: 

● Heat combined with a full charge is said to induce more stress to Li-ion than regular 
cycling. Keep the battery and a device away from sun exposure and store in a cool place 
at a partial charge. 

● If a Li-ion battery overheats, hisses or bulges, immediately move the device away from 
flammable materials and place it on a non-combustible surface. If at all possible, remove 
the battery and put it outdoors to burn out. Simply disconnecting the battery from charge 
may not stop its destructive path. 
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INTERCONNECTION OF LI-ion BATTERIES 
 
Most manufacturers have developed scalable and expandable modular designs which, together 
with the additional electronic support, makes Li-ion batteries interconnection faster (plug-and-play 
type) 
 

  
 

 

One key advantage is the intelligent component within the modules. All lithium-ion batteries are 
equipped with a BMS to ensure safety for the battery. While their main function is safety, these 
systems can be programmed with advanced algorithms to benefit the user with higher 
measurement precision, performance, and case-specific solutions that enhance the battery and 
the quality of the application: 

 

● Precision: The BMS system in lithium-ion batteries ensure an unparalleled precision in 
SOC, SOH, and SOP measurements, therefore leaving more room for optimization. 

● Visibility and control: The BMS within the lithium-ion batteries allow the monitoring and 
analysis of the battery performance  

 

 

This additional visibility and control over the batteries and applications enables operation and fleet 
management possibilities that are often not achievable with lead acid batteries. 

 
As a consequence, unlike what happens with lead-acid batteries, users usually should not make 
big changes to them: they have already been tested and fixed by the manufacturer. Instead, it is 
necessary to respect the information provided by manufacturers related to compatibility (with 
relation to inverters, and other devices to be connected) and specifications, for instance, 
scalability or maximum number of modules that can be connected in parallel, nominal voltage, 
communication protocols and so. 
 
Mobile apps are used as an interface to configure the system. Communication with the system 
can be done either by Bluetooth or wifi included in the modules. 
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BMU / BMS 
Battery Management Unit (BMU) is a control unit to monitor the status of the lithium-ion battery 
based on the voltage and temperature. It manages the charging/discharging, gathers information 
on the battery and sends it to the inverter. 
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GENERAL COMPARISON 

Lead-Acid (GEL/AGM/Flooded) Lithium-ion 

 
Source: Saylor Academy 2016  

 
Weight 

 

48Vdc / 800Ah. � 1.360 kg 48Vdc / 400Ah � 336 kg 

 
Usable energy 

 

50-70% 80-90% 
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Source: https://www.cleanenergyreviews.info 
 

 
Number of cycles 

 

Flooded (2Vdc): 1500-2000 
AGM (12Vdc): 500-1000 

LFP: 2000-4000 
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Operational Efficiency and Safety 

While lead-acid batteries can only be discharged to 50-30%, lithium-ion batteries can safely 
handle up to 90% (even more in emerging new batteries). In real life terms this means longer 
operational activity and less costly downtime where workers have to swap or charge batteries. 
There is no need to handle acids, there are no spills or fumes, you do not need to change the 
battery. You can avert all types of accidents such as hand entrapment, chemical burns and 
poisoning. 
 

 

Charge cost and time reduction  

Lead-acid batteries have a warm-up period before charging, requiring more energy and longer 
time to be fully charged. In addition, lead-acid batteries have an approx. 8 hour "cool-down" period 
after charging, before they are ready to be used. 

 

Cycle life  

Lead-acid batteries have an average of 1500 cycles if maintained well. Without maintenance this 
drops to 6-700 at best. Lithium-ion batteries require no maintenance, and still have 80% of their 
original capacity after 3000 cycles. 
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Maintenance  

As stated above, without maintenance, lead-acid batteries last for less than half of their original 
cycle life. Maintenance on the other hand is costly. Apart from the energy and manpower costs, it 
also requires a special maintenance room, as it emits toxic fumes during charging. While initially 
lead-acid batteries are indeed cheaper, their TCO adds up significantly over the years. 

 

Clean energy  

Batteries have no harmful emissions to the environment during usage, however there are CO2 
emissions associated with them during production. They do not cause spills either. Lead-acid 
batteries generate 50% more CO2 emissions from cradle to grave than Lithium-ion, and also 
produce acid fumes during charging and maintenance.  

Lithium-ion batteries can also be used for longer, generating less toxic waste, and can be reused 
another time as a second life battery for energy storage. 
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Security advicements: 
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Regulators: types, parameters, operation, protections, location and 
connections. 

 
 
The control of the accumulator CHARGE-DISCHARGE process is essential to eliminate or 
minimize the phenomena (sulphation, excessive gassing and corrosion) that affect their capacity 
and life time. Neither the photovoltaic modules nor the accumulators themselves can control this 
process, so it is necessary to place a control system between the modules and the accumulators.  
 
This control system is essential, since it controls the lifetime of the most delicate element of any 
autonomous photovoltaic installation: THE ACCUMULATOR SYSTEM.  
 
The system in charge of this control is the LOAD CONTROLLER or REGULATOR. The regulator 
basically works by controlling the voltage (directly related to the state of charge) at the battery 
terminals.

 
 

 
The regulator is installed between the solar panel, the acumulation system and the charge in an 

autonomous installation 
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The latest generation regulators incorporate a maximum power point follower control of the PV 
module (MPPT). This control makes it possible to make the most of the power generated by the 
PV module at any level of radiation, converting the product of the value V • I, of the module, to a 
new value V1 • I1, appropriate to the charging needs of the accumulator. In the regulators that 
have the "MPPT control", this stops acting when the accumulator voltage reaches the gassing 
level. At this point, the regulator jumps to the working mode known as "normal load control". 
 
 
The two basic regulators are the series regulator and the parallel regulator. In a series regulator, 
overload control is carried out by interrupting the PV field line – battery (C1). The overdischarge 
control is carried out by interrupting the battery line - consumption (C2). When the control switch is 
of the electronic type (transistor), it also prevents the battery from discharging towards the PV 
array. The control switch does not dissipate power when it is interrupting the load current, so this 
type of regulator is suitable for installations of any power. During normal operation of the 
regulator, the control switch generates a small voltage drop on the PV field – battery line. 
 
 
In the parallel regulator, the overload control is carried out by short-circuiting the PV field (C1 
closes and C2 opens). The overdischarge control is carried out by interrupting the battery line - 
consumption (C3). Regardless of the type of control switch (electromechanical or electronic), an 
internal diode (C2) is necessary to prevent the short circuit from affecting the battery, thus also 
preventing the battery from discharging towards the PV field. The control switch dissipates power 
when it is shorting the load current, so this type of regulator is limited to low power installations. 
During normal operation of the regulator, the internal diode generates a small voltage drop on the 
PV field – battery line. 
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PARAMETERS OF A REGULATOR: 
 
Nominal voltage: it is the nominal voltage of the PV system for which the regulator was designed. 
The most common value is 12 V, although there are models that allow the manual or automatic 
selection of this voltage, with a usual range between 12 V and 48 V. Rated current: refers to the 
current coming from the PV field that the device can normally handle. regulator. This current 
capacity usually coincides with the maximum available at the regulator output towards the 
consumption line. Type of regulation: series or parallel. Self-consumption: It is the percentage of 
energy consumed by the device itself when carrying out its work. It is obtained from the battery 
and should be as low as possible.  
 
Control system: Capacity of the regulator to be able to work at two or three stages. NOTE: The 
charging voltage of an accumulator is not the best indicator of the status of its charge level, the 
temperature and age of the element are also involved. In state-of-the-art regulators, based on 
microprocessors, these parameters are taken into account by means of temperature sensors and 
an algorithm that allows the age of the accumulator to be detected based on the hours, cycles and 
depth of discharges it has suffered. 
 
The regulator has a connection strip in its lower part duly identified with the symbols of each line. 
The three lines Panel, Battery and Consumption can be identified respectively with the polarity 
indicated in each of them. Before making each connection it is important to check the correct 
polarity and situation, since it is possible to make wrong connections that can cause short circuits. 
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When connecting a regulator, it is necessary to follow the following order: 1st. Connect the 
accumulator to the terminals of the regulator designated with the battery symbol. In this way, the 
regulator already takes a reference voltage to power its circuit. 2nd. Connect the PV generator 
field to the terminals of the regulator designated as a module. 3rd. Connect the charging circuit to 
the terminals of the regulator designated as such, respecting the polarity. If this order is not 
respected, in some regulator models, especially those that work in series, the equipment can be 
irreversibly damaged. To proceed with the disconnection of the regulator, within an installation 
that was working, it is necessary to proceed in the opposite way, that is to say: 1º.  
 
 
Disconnect the terminals of the loads. 2nd. Disconnect the terminals of the PV generator field. 
3rd. Disconnect the battery terminals, with what remains without power. Sections to be used The 
section of the conductors is important to avoid possible voltage drops that can cause a 
malfunction of the system. As a reference, a drop greater than 3% of the nominal voltage should 
not be allowed in conditions of maximum intensity, except in the line from the regulator to the 
batteries, which will be 1%. 
 
 

Section = 2 • L • Imax / 56 • C 
 
 

 
where: L is the length of the conductor used (meters) Imax = Maximum intensity (A). C = 
maximum allowable voltage drop (V). NOTE: “Some regulators have electronic elements in the 
negative of the electronic circuit, this does not allow their use in installations in which the negative 
conductor of the installation is connected to ground” 
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Inverters: types, location and connection 
 
PV modules are DC generators. To connect them to D.C. of different voltage, from the one 
generated by the PV modules, or to AC loads, an element called: inverter, converter or inverter 
must be used. In certain applications that work in direct current, it is not possible to match the 
voltages provided by the accumulator with that requested by all the consumer elements. In these 
cases the best solution is a DC/DC voltage converter 
 
In other applications, the use includes elements that work in alternating current. Since both the PV 
modules and the batteries work in direct current, the presence of a converter is necessary, which 
also inverts the DC. in AC 

 
 

In a Direct Current / Direct Current converter, the input direct current is converted into square 

wave Alternating Current, by means of an electronic inverter. Then it is increased or reduced, 

depending on whether we want to increase or reduce the output voltage, by a transformer and it 

is converted back into Direct Current. 

 
 
 
 
 
 

In a DC/AC converter, the input DC current is converted to square wave AC by an electronic 
inverter. It is then lifted by a transformer and filtered to convert the square wave to a sine wave. 
 
Currently, electronic inverters are manufactured based on a technology called "Pulse Width 
Modulation" PWM. 
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DC/AC converters are therefore systems that “invert” DC into AC. They can be single-phase or 
three-phase (those with the highest power) and the voltage and frequency of the AC is that of the 
electrical network of the country where they are used (in Spain 230/400 V and 50 Hz). Depending 
on their use, there are two families of inverters: 
 
 
There are two main photovoltaic installation types: the ones that feed electrically an autonomous 
installation, and the ones connected to the main electrical grid. 
 
a) Autonomous photovoltaic installation. The energy flow is managed by the regulator or solar 
charge controller, and goes in DC to the batteries or is directly converted into AC in the inverter 
for consumption. 

 
Autonomous photovoltaic installation 
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a) Photovoltaic installations connected to the grid: the generated energy can be stored or 

consumed, but also sold to the main electrical grid. For when there is neither sun nor 
energy in the batteries, energy can be bought from the main grid: 

 
 
 
 

 
Grid connected installation 
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AUTONOMOUS INVERTERS 
 
 The inverters used in autonomous installations are normally powered by the accumulator system. 
In very defined cases, when its power is less than that of the regulator, we can feed it from the 
regulator output as its load. This type of converter is used to supply all the AC loads of a stand-
alone PV installation. They cannot be connected to any other AC network, other than their own 
because they would be destroyed. “THEY SHOULD NEVER BE CONNECTED TO THE MAIN 
ELECTRICAL NETWORK”. 
 
 
ELECTRICAL CHARACTERISTICS OF A SELF-CONTAINED INVERTER. -DC INPUT 
VOLTAGE.  
 
 
It must admit tensions with a variation of ± 15%. -OUTPUT WAVEFORM. Square, modified 
sinusoidal or pure sinusoidal. -RATED POWER. It is the maximum power that the converter is 
capable of delivering continuously. In case of having to supply motors or other loads that have 
starting peaks, the converters can, for a limited time, withstand overloads of up to 200%. -AC 
OUTPUT VOLTAGE. The output voltage should not exceed variations of more than 5%, for sine 
wave converters. And 10% for square wave. -NOMINAL FREQUENCY OF THE OUTPUT 
VOLTAGE. The frequency variation shall not exceed 2%. -EFFICIENCY. It is the ratio between 
the power supplied to the load and the power absorbed. It is important that this value is close to 
the unit, to avoid power losses in the installation (η = Power output / Power consumed) – 
 
 
 
 
PROTECTIONS INTEGRATED IN THE INVERTER: -SHORT CIRCUIT. The response to a short 
circuit is instantaneous and causes interruption in the operation of the inverter - OVERLOADS. 
The protection against overloads is activated with a certain delay, depending on its level (higher 
overload level less delay). The protection consists of successive load cut-offs and resets 
automatically for a certain time. If the overload persists, consumption is cut. -INPUT 
OVERVOLTAGE. Inverter shutdown due to excessive battery voltage. It resets automatically 
when the anomaly disappears. -LOW INPUT VOLTAGE. Inverter disconnection due to low battery 
voltage, to avoid excessive battery discharge. It resets automatically when the anomaly 
disappears. -HIGH OPERATING TEMPERATURE. If the inverter temperature exceeds a certain 
value, due to high ambient temperature, overload, etc. The system is disconnected, until the 
temperature drops to adequate levels. All converters have forced ventilation (fan). 
 
 
 
 
 
HARMONIC DISTORTION. It is the % of the output power of the converter that has a frequency 
different from the nominal one. In the sine wave it will be a maximum of 3%, and in the square 
wave it will be 33%. -SELF-CONSUMPTION. Even when empty, the converter consumes a 
certain power for its own operation. This should be the minimum possible. -WAYS TO START. 
Manual, continuously connected and automatic, it activates when it detects a load connected to it 
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GRID-CONNECT INVERTERS 
 
The inverters used in installations connected to the grid are fed directly from the PV group and 
their AC output is directly connected to an external AC supply network, so that all the energy 
produced by the PV modules is injected into said network. They cannot be used in stand-alone 
installations: "WON'T WORK." The output wave can only be sinusoidal as it has to be 
synchronized in voltage, frequency and phase with that of the network to which it is connected. 
 
These inverters, despite performing the same basic function as stand-alone inverters, converting 
DC to AC, differ greatly in their features and functions. 3.2.1. ELECTRICAL CHARACTERISTICS: 
POINT MAX. POWER (PMP). It allows the PV generator to inject its maximum power (PMP) into 
the line for each radiation value. 
 
 

 
 
 
 
 
 
If the electric company disconnects a section of the network where the inverter is operating, it 
must be automatically disconnected after a certain number of network cycles. 
 
 
 

● DISCONNECTION DUE TO LOW LEVEL OF RADIATION. It allows to disconnect the 
equipment when the radiation is insufficient, for example, at dusk. 

 
● DISCONNECTION DUE TO HIGH OR LOW MAINS VOLTAGE. It causes the 

disconnection of the equipment when the network suffers alterations that are outside the 
range of: ± 10%. 

 
● DISCONNECTION DUE TO HIGH/LOW MAINS FREQUENCY. It causes the 

disconnection of the equipment when the network suffers frequency alterations that go out 
of the adjusted range: ± 0.5%. 

 
● PHASE SYNCHRONISM. To achieve a perfect connection in phase with the electrical grid, 

the inverter studies and analyzes this for a few minutes and then, if it is maintained, it 
starts the energy injection process, in an ascending ramp. 
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● REARMAMENT. The reset of the inverter after disconnection, for one of the above 

reasons, must be carried out automatically, after between 30 sec and 3 min. The grid 
connection inverter, for the purposes of maximum allowable voltage drop (loss of power in 
the installation), must be located as close as possible to the PV field. Grid-connected 
inverters are designed to be placed outdoors, facilitating their own cooling, and thus 
achieving a higher level of efficiency. They must meet the specific requirements for grid-
connected operation. (RD 1663/2000; BOE 09-30-2000) 

 
 
 
TO CONNECT SEVERAL SINGLE-PHASE INSTALLATIONS TO A THREE-PHASE NETWORK, 
THEY SHOULD BE DISTRIBUTED SO THAT AN EQUIVALENT POWER IS CONNECTED TO 
EACH ONE OF THE LINES. NOTE: “ALL THE INVERTERS HAVE AN EARTH CONNECTION 
TERMINAL. THIS TERMINAL MUST BE CONNECTED TO THE EARTH OF THE SUPPLY 
NETWORK, IN THE CASE OF CONNECTION TO THE NETWORK”. “IN SELF-CONTAINED 
INVERTERS, THE EARTH CABLE WILL BE CONNECTED TO THIS TERMINAL, WHICH WILL 
BE DISTRIBUTED THROUGHOUT THE INSTALLATION”. 
 

 

 

For more info: 

 

https://www.factorenergia.com/es/blog/autoconsumo/energia-solar/ 

 

 

 

 

 

 

 
 
 

https://www.factorenergia.com/es/blog/autoconsumo/energia-solar/
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Introduction 
 
 
The didactic units begin with the theoretical bases related to solar radiation, going on to 
explain how to obtain electrical energy from such a source. 
 
It goes on to describe the microgrid called I-share that is located in the town of San 
Sebastian, and generates renewable energy through the wind and the sun, it stores it 
both in lithium batteries and in hydrogen batteries and flywheels, and supplies the building 
called Enertic. This is a project financed by the San Sebastian City Council, which sought 
to set up an experimental laboratory to test components and elements developed by 
different Basque companies. This micronetwork has been maintained for three years by 
Basque professional training teachers 
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Learning outcomes and assessment criteria 
 

 
 

 
3 Configures photovoltaic solar installations justifying the choice of the elements. 

 
Assessment criteria: 

 
a) The technical documentation of an installation has been interpreted. 
b) The necessary sketches and diagrams have been drawn to configure the solution 
proposal. 
c) The characteristic parameters of the elements and equipment have been understood. 
d) The support structure of the panels has been selected. 
e) Commercial catalogues and websites have been consulted. 
f) The necessary equipment and materials have been selected. 
g) The budget has been prepared. 
h) The current regulations have been applied. 
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Basic content 
 
 
 

3. SOLAR PHOTOVOLTAIC INSTALLATION CONFIGURATION 

 

 
procedural 

- Classification of photovoltaic solar energy systems. 

- Location and fixing of the panels to the structures. 

- Panel mounting, wiring and connection. 

- Checking the operation of the panels and batteries. 

 

 

 
 
 

 
conceptual 

- Types of photovoltaic installations: autonomous and connected 
to the network. Main schemas. 

- Low voltage electro-technical regulations for photovoltaic 

installations. 

- Solar photovoltaic panel connection types: series, parallel, mixed. 

- Battery connection types: series, parallel, mixed. 

- Support systems: mini-wind, mini-hydraulic, etc.  

- Related European and Regional legislation. Legal procedures to 
be taken into account. 
 

 

 
 

attitudinal 

- Rigor in the calculations that are executed. 

- Order and method of work. 
- Participation in the work team. 
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SOLAR PHOTOVOLTAIC MICROGRID CONFIGURATION 
 
On this chapter you will learn how to: 
 

- Types of photovoltaic installations: autonomous and connected to the network. Main 
schemas. 

- Low voltage electro-technical regulations for photovoltaic installations. 

- Solar photovoltaic panel connection types: series, parallel, mixed. 

- Battery connection types: series, parallel, mixed. 

- Support systems: mini-wind, mini-hydraulic, etc.  

- Related European and Regional legislation. Legal procedures to be taken into account. 
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Types of photovoltaic installations: autonomous (off the grid) and connected 
to the network 

 
 
We could clasify the solar photovoltaic installations according to their connectivity to the grid: 
 
 
3. A) AUTONOMOUS ONE HOUSE 

a. INDEPENDENT 
b. CONNECTED TO THE MAIN GRID 

i. SELF-CONSMPTION 
ii. SELF-CONSUMPTION SELLING THE EXTRA GENERATION TO THE MAIN 

GRID 
 
 

These installations consume the energy they generate as they produce it. The self-consumed 
renewable energy is the cleanest energy source we could obtain. 
 
 
Energy is consumed at the point where it is generated and there is no no energy loss of transport. 
 
 
One of the aims of the law on self-consumption is to consume energy as close to the point as 
possible. 

 
 

 
INDIVIDUAL SELF-CONSUMPTION SCHEME  
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OFF-THE-GRID photovoltaic installation configuration 
 
The vast majority of homes with solar panels remain tied to the grid, which means you'll have 
access to electricity from the grid if your home is using more than your panels are creating. If the 
grid goes down for any reason, your solar panel system is designed to turn off automatically to 
ensure the safety of utility workers who might be fixing any damaged power lines. 
 
On the other hand, if you're completely off the grid, you're already on your own power island. Your 
islanding solar inverter works independently from the power grid. If there's a storm or other event 
that knocks out the main power grid, your solar power system will continue running and providing 
power to your home. 
 
We mention this because many people mistake going solar with going off-grid, but that's typically 
not the case. To be truly off-the-grid, you must generate 100% of your electricity without 
depending on the distribution system operated by the local utility company. As you'd imagine, that 
isn't easy to achieve because your home still needs electricity when the sun isn’t shining, so you 
typically need a large battery backup system to store extra electricity. 
 
This is a model of an off-the-grid installation, developed in Usurbil Higher VET School with Studer 
technology: 
 

 
 

1. PHOTOVOLTAIC PANEL 
2. ENERGY INPUTS 
3. PV REGULATOR 
4. AC-DC INVERTERS 
5. DC PROTECTIONS 
INVESTORS 
6. PROGRAMMING CONSOLE 

7. COMMUNICATIONS SYSTEM 
8. ACCUMULATOR 
9. AC PROTECTIONS 
10. AC CONSUMPTION OUTPUT 
MONOPHASIC-TRIPHASIC 
 

 
 
 

https://palmetto.com/learning-center/blog/solar-battery-guide-storage-benefits-features-cost
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Next we are going to describe a photovoltaic system isolated from the network, designed and 
installed in Usurbil High VET School. The objective of the described system is eminently didactic. 
 
 
This system allows the generation of electrical energy in the form of a hybrid system, since it will 
use a battery bank and support from the electrical supply network, or an input of photovoltaic 
panels as an energy source, generating an OFF-GRID system. 
 
 
The panel is made up of different equipment and security elements, which will have the option of 
being manipulated to make changes in its functionality, such as changing the output from single-
phase to three-phase current. 
 

 
 
 
 
 
The use of this system pursues a didactic objective, which is to be able to carry out practices and 
train the students in photovoltaic energy OFF-GRID systems. 
 
 
The manipulation of this equipment must be carried out by personnel qualified in photovoltaic 
installations and electrical safety, since once connected the equipment generates dangerous 
voltages. 
 
 
You will learn more about these type of installations in the exercise proposed in the handbook. 
 
 
 
 
 
 
 
 
  



        

MICROGRIDS KA2 Project   10 
 

 
GRID-CONNECTED PHOTOVOLTAIC INSTALLATION CONFIGURATION 
 
 
 
This chapter will be dedicated to grid-connected photovoltaic systems. Grid-
connected photovoltaic systems are increasingly attracting the attention of industry and schools, 
as a means of providing an alternative to conventional fossil-fuel generation. They facilitate 
distributed energy generation in a region, and also, the owner can have an interesting money 
payback thanks to it.  
 
Grid-connected installations could have no battery-backed energy storage, it means, systems 
that interact with the power grid and have no battery backup capability. 
 
 

 
 

Schema of a grid-connected system without batteries 

 
 
Also in grid-connected installations, the inverter, used to convert photovoltaic dc energy to ac 
energy, is the key to the successful operation of the system, but it is also the most complex 
hardware. The most important inverter characteristics requirement are: operate over a wide range 
of voltages and currents, regulate output voltage and frequency, in addition to providing ac power 
with good power quality. 

 
Inverters can be used in a centralized connection for the whole array of PV or each PV module 
string is connected to a single inverter. The second proposed procedure is more efficient since it 
minimizes the losses due to voltage/current mismatching as well as it enhances it modularity 
capability. Moreover, the inverter may contain protective devices that monitor the grid and islands 
the grid from the PV system in case of fault occurrence: 
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They can be configurated with energy storage systems, it is, systems that interact with the utility 
power grid. They are a good combination for installations with momentaneous high power needs, 
such as Electric Vehicle charging stations. Also, they are able to to keep critical load circuits 
operating during utility outages. So, when an outage occurs, the unit disconnects from the utility 
and powers specific circuits of the load. Besides, if the outage occurs in daylight, the PV array is 
able to assist the load in supplying the loads. 
 
 

 

 
A 120 kWh capacity Pb-acid battery system that backs Usurbil High VET School’s three-phase micro-grid 

 
 
 

In grid-connected PV systems, a key consideration is the design and operation of power 
converters and how to achieve high efficiency for different power configurations. The 
requirements for converter connection include: maximum power point, high efficiency, control 
power injected into the grid, and low total harmonic distortion of the currents injected into the grid.  
 
Consequently, the performance of the inverters connected to the grid depends largely on the 
control strategy applied.  
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Images of the monitoring system of Usurbil VET School’s microgrid 
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A grid-connected system must have a bi-directional energy counter at the connection point to the 
main grid, that permits the economical balance with the electric energy supplier Company. 
 
 
It has also a non-injection security device, so if there is a sudden energy supply cut in the main 
grid, it means SOLAR ISLANDING, the energy stored in our connected system does not go to the 
defectuous main grid (and possibly cause an accient). 
 
 
Solar islanding is when a home solar power system continues to generate electricity even though 
the grid is down. Many people would consider this a good thing, as your home still has power from 
your solar panels while everyone else has no power. 
 
 
However, things become dangerous when your solar panel system produces electricity, and it 
goes into the grid. This situation poses serious safety concerns to utility workers who are trying to 
fix the grid, as they could be injured if the grid is still "live". 
 
 
 
If solar islanding wasn’t prevented, this is what can happen: 
 
 

1) The local grid goes down. 
2) Your grid-tied home solar power system still produces electricity. 
3) Once the panels have supplied electricity to your home, any excess energy flows 
back into the grid. 
4) Meanwhile, utility workers are repairing damaged power lines on the "should-be-
dead" grid. 
5) With energy still in the grid, these workers might come into contact with a live wire. 
6) Any contact with a live wire can be catastrophic, leading to severe burns, shocks, 
or even death. 

 
 
 
Luckily, if you still want to use your solar power during a power outage, you can set up your home 
for safe islanding. We’ll explain how, in more depth, later in this article. 
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So, both types of installations must be protected adecuatelly with the correct combination of 
switches and differentials, as it is shown in the picture: 
 

  
 
 
 
 
The installation can be mono-phase, but there is the possibility of making a more complex, three-
phase installation. In the image, students mount a 3 SMA technology-based inverter system: 
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1. MIXED INSTALLATIONS 
 
A installation can work both grid-connected and on island mode, but for that needs to have 
installed a security Backup-Box. A Backup-Box, in combination with the appropriated inverters, 
allows to intelligently optimize and manage energy in self-consumption installations. 
 
Self-consumption inverters are limited to operating in island mode, so that, in the event of a power 
outage (due to maintenance or repair tasks, for example), the inverter disconnects and stops 
injecting energy into the network, avoiding thus dangerous situations for the operators who carry 
out the maintenance tasks. 
 
With the Backup Box we guarantee the continuity of the energy supply during these network 
outages to power the equipment that needs to be kept on (critical loads), either through solar 
panels or through the battery. 
 
https://www.monsolar.com/backup-box-huawei-b0.html 
 
The Backup Box is used in a residential rooftop PV plant system to control the inverter grid-tied or 
off-grid state. When the grid fails, the inverter switches to the off-grid state and supplies power to 
off-grid loads in backup mode. When the grid recovers, the inverter switches back to the grid-tied 
state. In the imagge, a working-schema of a Huawei backup-box: 
 

 
 

 
Technical Specifications of Huawei backup boxes 

 

https://www.monsolar.com/backup-box-huawei-b0.html
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Usurbil Higher VET School has mounted an interesting 3-phase micro-grid in its installations. It 
can work both in island mode or grid-connected.  
 
Feed by a 10 kw photovoltaic field plus a 3 kw peak wind turbine, stores 120 kwh peak in 48V Pb-
acid batteries.  
 
The photovoltaic field is divided in 2, one is 3 kw-peak, mainly south-faced and with an inclination 
of 30º, generates the needed shadowing to the wooden ENEGUR Passivhaus-oriented building:  
 
 

    
Enegur building and solar PV pannels installed on its roof 

 
 
 
The other is over a structure in a building roof and is 7 kW peak. 
 
 
The description of the wind turbine is as follows: 
https://en.wind-turbine-models.com/turbines/1432-ennera-energy-windera-s 
 
 
Each one of the described renewable energy generation fields feeds one of the 3 phases of the 
system. 
 

https://en.wind-turbine-models.com/turbines/1432-ennera-energy-windera-s
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Possible system configurations with Sunny Island 4.4M / 6.0H / 8.0M: 

 
Single, single-phase 
SI 4.4M, SI 6.0H and SI 8.0H for systems from 1kW to 8kW. 

 
Single cluster, single-phase 
Up to three SI 6.0H or SI 8.0H inverters can be coupled in parallel in one phase for system from 
3kW to 24kW. 
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Single cluster, three-phase 
Three SI 4.4M, SI 6.0H or SI 8.0H battery inverters can be connected each one to one phase to 
build 3-phase systems from 5kW to 24kW. 

 
Multicluster, 3-phase 
Three SI 6.0H or SI 8.0H battery inverters per cluster for system capacities until 300kW (up to 36x 
Sunny Islands). 
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LARGE INSTALLATION CONFIGURATION COMMERCIAL EXAMPLE: 
SMA STEP UP 

 
With the growing share of renewable energies in grids, large-scale PV power plants and large 
storage systems are becoming an increasingly important topic worldwide.  
 
This product gama permits to develop the highest degree of flexibility in planning and 
implementation in photovoltaic microgrid development.  
 
Maximum availability, safety and long-term yields over the entire life cycle guarantee to the owner 
of the microgid an optimum return on investment.  
 
Depending on the project requirements, storage solutions can be connected on the DC side (as 
show non the next picture), on the AC side or on both sides within the solar power plant — either 
during the construction of the project or during later expansions: 
 

 
DC-COUPLED PLANT LAYOUT SCHEMA 
 

 
AC-COUPLED PLANT LAYOUT SCHEMA 
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The Sunny Central UP inverter develops up to 4.6 MW power output and 1500 V of DC voltage. 
It’s a fully integrated hardware and software solution for optimum storage integration: DC or AC 
battery storage systems can be easily connected. Island mode is also featured. 
 
Cybersecurity is a very important point to be taken into account in these big renewable microgrids. 
SMA also offers monitoring digital services and worldwide O&M service. 
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Microgrids KA2-IO2: Training Course on 
Solar Photovoltaic Energy based Microgrids 

 

Unit 1.4 - SOLAR PHOTOVOLTAIC BASED 
MICROGRID DESCRIPTION 

 
 

 
 
 

ESTIMATED TIME FOR IO2.4: 12 hours 
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Introduction 

 
 
The didactic units begin with the theoretical bases related to solar radiation, going on to 
explain how to obtain electrical energy from such a source. 
 
It goes on to describe the microgrid called I-share that is located in the town of San 
Sebastian, and generates renewable energy through the wind and the sun, it stores it 
both in lithium batteries and in hydrogen batteries and flywheels, and supplies the building 
called Enertic. This is a project financed by the San Sebastian City Council, which sought 
to set up an experimental laboratory to test components and elements developed by 
different Basque companies. This micro network has been maintained for three years by 
Basque professional training teachers 
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Learning outcomes and assessment criteria 
 

 
 

 
3 Understands solar photovoltaic based microgrids and its main elements. 

 
Assessment criteria: 

 
a) Different schemas of solar photovoltaic based microgrids have been 

understood.  
b) Main systems and components for managing the energy in island-based and 

grid-connected microgrids have been taken into account.  
c) Storage system types, dimensioning and functioning has been described.  
d) Different energy consumption types and strategies have been identified.  
e) Microgrid management systems have been understood. 
f) Local and remote monitoring systems and its main parameters are taken 

into account.  
g) Knowledge about context and future of renewable based distributed 

microgrids has been acquired. 
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Basic content 
 
 

 

4. SOLAR PHOTOVOLTAIC BASED MICROGRID CONFIGURATION 

 

 
 
 
 

 
procedural 

- Carrying out basic calculations of energy needs and 
dimensioning. 

- Preparation of network connection request reports and 
making the connection to the main grid. 

- Performance of converter operation tests. 

- Measurement of disturbances in the network and in the 
installation. Earth connection measurement. 

- Measurement of consumption, storing and generation. 
Understanding of the monitoring system parameters. 

 
conceptual 

- Types of facilities: autonomous and connected to the network. 

- Main schemas for a microgrid configuration. 

- Inverter and regulator parameter adjustment. 

- Energy Storage 

- Consumption main element integration in the microgrid, i.e. efficient 

illumination, heat pumps, Electric Vehicle chargers. 

- Low voltage electro-technical regulations/rules and others. 

- Grid-connected installations: application and conditions of connection 

to the network. Connection point. Network connection process. Grid 

connection converter protections: voltage, frequency and phase 

checks. Disturbances in the grid and in the installation. 

- Island installations: main characteristics and functioning. 

- Protections. Earth. Harmonics and electromagnetic compatibility. 

- Grid connection converter protections: voltage, frequency and phase 

checks. 

- Connection and disconnection sequences. 

- Consumption and generation meters. 

- Monitoring systems. 

 

Attitudinal    - Respect for current legislation and safety regulations. 

- Importance of updating the documentation available for the 

installation 
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SOLAR PHOTOVOLTAIC BASED MICROGRID DESCRIPTION 

   
 
 

TRADITIONAL ELECTRICAL GENERATION SYSTEM 
 

An electrical network is understood to be the set of power lines, transformers and infrastructures that carry 

electrical energy from the production centers to the final consumption points. 

 

Conventional electrical networks have been designed and operating since the middle of the 20th century 

(where the main production centers were far from the towns). These are networks that, according to the 

following image, always work in one direction: from the generating plants TO the final consumption points. 

 

 

 
Conventional electrical network: energy flows from the generator to the final consumer. 

 

 

Today this concept is in the redesign phase, in order to produce more effective and robust 

networks, so that they can support future needs (both from the point of view of consumers and the 

characteristics of plants based on alternative energies). LOCAL ELECTRICAL MICROGRIDS 

based on photovoltaic energy are a key tool in this redesign. DIGITALISATION is a key factor for 

their full development. 

 

The future participation of final domestic consumers in the entire market, both from the point of 

view of production (photovoltaic solar panels, micro-cogeneration, etc.) and from the point of view 

of new consumption trends (adaptation of consumption depending on the possible prices offered, 

digitalisation and internet connection of the control of home automation systems, etc.) is 

desirable. Therefore, the future electrical grid will work in 2 directions: sometimes TO the final 

client, and sometimes FROM the final customer! 

 

In addition, the incorporation of the electric car into our lives is a reality, being able to act both as 

a storage system and as a consumer or a specific producer of electrical energy. 
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Usurbil VET School’s Electric Vehicle 

 

In relation to the current European electricity grid, there are another series of problems and / or 

needs that have accumulated over the last few years: the aging of the infrastructures, added to 

the increase in local needs due to the incorporation of the electric car, leads us to think about the 

need to redesign them, incorporating local renewable generation facilities, so that the network can 

work in the mentioned two directions. 

 

However, currently the possibility of knowing the cost of energy by the end user in real time 

means that they can choose when to use certain electrical appliances, affecting the final cost of 

their bills and reducing consumption peaks. For this, it is necessary to have smart meters at all 

consumption points, mainly domestic users, but distribution companies have already made this 

change in most terminal consumption points. 

 

Environmental aspects are also present: many of the current plants use fossil fuels (oil, coal, etc.) 

with their corresponding implications in emissions of smoke and gasses that cause the 

greenhouse effect. In addition, the fuel, both fossil and nuclear, used by traditional non-renewable 

power generation plants is becoming more expensive every day. 

 

The forecasts indicate a moderate growth in energy demand, a strong increase in renewable 

energies and a need for firm and flexible power. 

 

 

Today, the existing traditional electricity grid infrastructure seems to meet part of the expectations 

(from traditional and renewable generation to transportation and part of distribution), but it has to 

improve significantly from the point of view of the end user and functionalities expected of it. 
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Therefore, a new concept of electrical network called SMART GRID, definable as follows, is 
emerging: 

 

An electrical network that can intelligently integrate digitally the behavior and actions of 
all the actors connected to it (those who generate electricity, those who consume it, and 
those who carry out both actions) in order to provide a safe, efficient, economical and 
sustainable electricity supply. 
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THE CONCEPT OF DISTRIBUTED ENERGY GENERATION 
 
 

 
We can define distributed generation in some different ways: 
 

• The Spanish International Council on Large Electrical Systems (CIGRE) defines 
Distributed Generation as all generators with a maximum capacity of 50 MW, connected to 
the electrical distribution system, and that are not designed or dispatched centrally. The 
latter implies that Distributed Generation is not part of the control of the electric 
transmission grid operator. Therefore, it does not consider Distributed Generation the 
generators installed by the electricity companies and that are dispatched by the operator of 
the electrical transmission network. 
 
• The International Energy Agency (IEA, International Energy Agency) defined it as the 
production of energy in the facilities of the consumers or in the facilities of the distribution 
company, supplying energy directly to the distribution network, usually in low voltage. It is 
also associated with energy generating technologies such as motors, mini and micro-
turbines, fuel cells and photovoltaic solar energy. 
 
• The most consensual definition of Distributed Generation is that of Ackermann. This 
author proposes a definition of Distributed Generation according to its purpose, location, 
power, technology, environmental impact, mode of operation, ownership and penetration 
of Distributed Generation. However, the aspects considered most relevant are the purpose 
of the Distributed Generation and the location, proposing the following definition: 
"Distributed Generation is a source of electrical power connected directly to the distribution 
network or in the facilities of the consumers". 

 
In general, and taking into account regulatory aspects for the Spanish electricity sector, it 
can be said that in Spain Distributed Generation is understood as: 

 
 

Installations of small power generation capacity that are located in points close to 
consumption, connected to the distribution network. 

 
 
 
 
It is common for a part of this generation to be consumed by the same installation and the rest to 
be exported to a distribution network. There is no central planning for said generation and it is not 
usually dispatched centrally. The power of the generators is usually less than 50 MW, and the 
uncontrolled Distributed Generation is considered that of less than or equal to 10 MW. 
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The next image represents a ring-shaped distributed energy generation grid, including 
conventional, renewable and virtual energy generation systems: 
 

 
 
 
The following table indicates different distributed electricity generation systems and local energy 
storage, depending on their degree of development maturity: 
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THE MICROGRID CONCEPT 
 

The deployment of small-scale distributed generation could facilitate the development of 
microgrids. 
 
A microgrid is a grouping of small loads and generators that act as a single system to supply both 
electrical and thermal energy. We could define it as: 
 
 

Bidirectional Generation System that allows the Distribution of Electricity from 
Suppliers to Consumers, using Digital Technology, favoring the Integration of 
Generation Sources of Renewable Origin, with the Aim of saving Energy, reducing 
Costs and increasing Reliability. 

 
 
The microgrid management system will try to satisfy the energy demand of its consumers, using 
the generators that it has at its disposal and making use, where appropriate, of storage systems. 
 
Under normal circumstances, the excess or lack of electrical energy will be exported or imported 
from the main electrical network. On the contrary, if there is a fault in the distribution network, if 
the microgrid has a single point of connection with the rest of the distribution network, and if the 
regulations allow it, the microgrid can be isolated from the main network and satisfy critical 
electrical demands through the generators installed in it. Once the external fault has been 
resolved, the microgrid could reconnect to the main grid, after synchronizing to its sine wave. 
 
Installing microgrids in established urban settings can be challenging. However, these systems 
present interesting perspectives for new urban developments. 
 
In this case, since all the infrastructures have to be prepared from scratch, a joint energy planning 
for the neighborhood can be carried out, thinking of total electrification. Thus, for example, a 
centralized heat and cold production plant can be designed, and water pipes laid for district 
heating, instead of installing gas pipes and producing heat in each home. 
 
It is expected that, in the coming years, the installation of microgrids in new urban developments 
will contribute to the achievement of energy, environmental, security of supply and improvement 
of quality of life objectives in accordance with the European objectives of ENERGY TRANSITION, 
DECARBONIZATION AND ENERGY EFFICIENCY. 
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THE SMART-GRID CONCEPT 
 

Although there is no general standard definition, the European Technology Platform for Smart 
Grids defines a smart grid as “an electrical grid capable of intelligently integrating the behavior 
and actions of all users connected to it (generators, consumers and those who carry out both 
actions), in order to distribute the electricity supply efficiently and safely, from a sustainable and 
economic point of view. " 
 

 
 

A smart grid employs innovative products and services along with smart monitoring, control 
techniques, communications, and self-tuning technologies to encourage active user participation 
in the network and allow all types of network coexistence on the network. generators, regardless 
of size or technology. 
 
It also allows users to be provided with a greater amount of information and options when it 
comes to selecting the electricity supply, reducing the environmental impact through 
improvements in the efficiency of energy generation and transport, and also improving the level of 
electrical energy generated, allowing the user who requires it to have a certain degree of quality in 
their energy supply. 
 
Likewise, it makes it possible to improve and expand energy services efficiently, promote the 
integration of markets towards the European market, and facilitate the transport of energy over 
long distances. 
 
To achieve these objectives, a Smart Grid is based on the use of sensors, communications and 
computing and control capacity, in such a way that the functionalities of the electricity supply are 
improved in all aspects. 
 
A system becomes intelligent by acquiring data, communicating, processing information and 
exercising control through feedback that allows it to adjust to variations that may arise in real 
operation. 
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Example of MICRO-NETWORK: i-Sare (Donostia, Gipuzkoa) 
 

The i-Sare Microgrid has an installed generation capacity of 500 kW and is made up of storage 
systems, loads and generators that can operate connected to the electrical distribution network or 
in isolation (Island).  
 
The objective is to use in an integrated way different technologies of renewable energy production 
sources together with conventional generation sources, establishing intelligent management 
systems and storage of the electrical energy of the whole. 
 

 
 

The i-Sare microgrid is located in the ENERTIC building, in polygon 27 of Donostia, and is owned 
by the City Council: 
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SYNOPTIC DIAGRAM OF THE i-SARE MICRONETWORK 
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GENERATION SYSTEMS IN i-Sare 
 
The different existing energy generation technologies in the i-sare microgrid are described below, 
along with a brief description of the operating principle of each of them: 
 

 

1. i-Sare photovoltaic generation systems 
 
As you have learned previously, photovoltaic solar energy is a source of energy that produces 
electricity of renewable origin, obtained directly from solar radiation through a semiconductor 
device called a photovoltaic cell, or through a metal deposition on a substrate called thin film solar 
cell. 
  
The group of photovoltaic panels will provide us with a potential difference in the form of 
continuous voltage, then the inverter Solar Inverter IF-20/25/30 will be in charge of synchronizing 
and introducing the energy coming from the panels to the micro network. 
 

 
Main components of the system 

  
● Photovoltaic Solar Panels: at i-Sare there are two 20 kW units with different types of solar 

cells, so that they allow a comparison of the performance obtained with each of the 
technologies. 
 

 

 

Field of photovoltaic solar panels of i-Sare 
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Characteristics of the photovoltaic solar panels used in i-Sare: 
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Electrical diagram for the connection of the photovoltaic solar panels to the i-Sare network 
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2 IF-20/25/30 inverters are the inverters in charge of converting the direct voltage of the solar 
panels into the three-phase voltage of the microgrid, indicated in the central part of the previous 
diagram. 
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Internal diagram of each of the photovoltaic solar inverters used: 
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2. Wind generation systems in i-Sare: 

 

   Wind energy is the energy obtained from the wind, that is, the kinetic energy generated by the 
effect of air currents, and which is converted into other useful forms of energy for human activities. 
The term "eolian" comes from the Latin aeolicus, which means "belonging or relating to Aeolus", 
god of the winds in Greek mythology. In i-Sare the energy obtained from the wind will be 
converted into electrical energy. In the iSare facilities there are 2 wind farms, one with a 
Horizontal axis of 2.3 kW and another with a Vertical axis of 10 kW. 
 
 
 

  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Vertical axis wind turbines, as they have their axis in a vertical position, do not need to be 
oriented towards the direction of the wind since they always receive the wind optimally, 
they work at lower revolutions, that is, at less rotational speed, and they also have the 
smaller radius of gyration of its blades. 
 
All these characteristics reduce the noise produced by the wind turbine when generating 
electricity, achieve greater structural integrity and reduce the wear of the mechanical parts, 
which also reduces maintenance during its operation. Long useful life. 
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Horizontal axis wind turbines generally have a higher performance than vertical axis wind 
turbines, although the differences between them are minimal: 
  

● Vertical axis wind turbines can be located just above the ground avoiding having to put up 
large masts, which is an advantage, but this also causes the disadvantage that the wind 
speed at low height is always lower, and therefore the generation of electricity is also less. 
 

● Vertical axis wind turbines can take much better advantage of gusty and turbulent wind, 
and do not require a yaw system, as they are usually designed to capture wind from any 
direction. 
 

● Vertical axis wind turbines usually have a lower impact visual aspect, this being a bit 
subjective. Their blades are less dangerous to birds than those of horizontal axis wind 
turbines. 

 
 
For all these reasons, vertical axis wind turbines are more expensive and more difficult to find. 
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Diagram of the 2.3 kW horizontal axis wind turbine available at i-Sare: 
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10KW Vertical Axis Wind Turbine: 
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3. i-Sare Gas Cogeneration System 
 
 

Cogeneration means simultaneous production of two or more types of energy. These are usually 
machines that generate electricity and heat, although they may also generate mechanical energy 
and heat (and/or cold). 
 
Simultaneous production implies proximity of the generating plant to consumption, as opposed to 
the conventional system of electricity production in independent thermoelectric plants, where heat 
is also released, but this heat is not used and has to be eliminated, dispersing it into the 
environment. 
 
As can be deduced from the study of thermodynamics, an energy generation process is 
exothermic, which is why it involves the evacuation of a certain amount of heat, since all the heat 
absorbed cannot be transformed into work. 
 
The objective of cogeneration is to take advantage of a large amount of heat energy. 
 
We can point out two main characteristics of cogeneration: 
 

● Several types of energy are used, so it has a higher performance potential than a 
conventional power plant. In turn, this higher performance gives rise to two of its greatest 
advantages, which is lower fuel consumption, so the cost of energy production is lower, 
and therefore the environmental impact is lower. 
 

● The energy is produced where it is consumed, in this case, in the Enertic building itself, so 
there are fewer transport losses and obviously greater energy efficiency of the energy 
process. 

 

 

General diagram of a cogeneration installation 
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Data sheet of the 70kW ICOGEN cogeneration GROUP that works with Natural Gas: 
 

Model............................................….... ............................................ND68D8TL (DEUTZ) 
Type 4: stroke cycle, inline, water cooling, turbocharge after chilled, spark ignition; 
Cylinders ................................................ ........................................................... ........................... 6 
Firing order ...................................................... ......................................................... 1-5 -3-6-2-4 
Rated power ................................................ ........................................................... ...80kW 
Nominal speed ................................................ ............................................1500r/min 
110% overload output .................................................. ........................................... .88kW 
Compression ratio ...................................................... ...........................................11.5:1 
Fuel consumption rate ........................................................... ...................10.3MJ/kW.h 
Turned direction ................................................ ... Counterclockwise 
Noise ................................................. ........................................................... .......... ... 72dB(A) 
Weight ................................................ . ........................................................... ...................760kg 
App ................................................. ........................................... CHP generator set 
  
ALTERNATOR DATA 
Model ................................................. ........................................................... ...... ...C3XIS/4 
Brand ................................................. ........................................................... .. MBH (Germany) 
Rated power ................................................ ........................................................... ... 70kW 
Qualification ................................................. ........................................................... ......87.5kVA 
Axis ................................................. ........................................................... ... single bearing 
Enclosure protection ...................................................... ...........................................................IP23 
Efficiency ................................................. ........................................................... ........... .91.2% 
 
 
EMERGENCY COOLER-RADIATOR DATA 
Fan type - 5KW4P- B3 - 230 / 400V IP 45. 
With ambient temperature of 30ºC: Air: 12,000 m3 / h (13,968 Kg / h) 
 Water side: Flow rate 3.8m3 / h Water at 90ºC Water outlet 70ºC. 
Pressure loss 26kPa 
  
CONTROL PANEL DATA 
Brand ................................................. ........................................................... .........NPT 70KZY 
Control module ............................................... ..........................Smartgen HGM9510 
Automatic synchronization…………………………………..………………….………….YES 
Electric switch ................................................ ................................ DC2-160Amps 
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Location of equipment in the outdoor park of i-Sare 

 

 

 

Natural Gas Engine Detail 
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iSare Micro Gas Turbine Infographic: 
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i-Sare hydrogen fuel cell generation system 
 
A hydrogen fuel cell, also called a fuel cell or fuel cell, is an electrochemical system in which the 
chemical energy of some reagents or fuels is converted into electrical energy. The conversion 
principle is analogous to that used in batteries of the main electrochemical technologies in 
common use. Therefore, it is not an energy storage system, but an energy generation system, 
 
 
Unlike batteries in fuel cells, the reactants or fuels are integrated externally so that the capacity of 
the cell is not defined by the cell itself but by the fuel supply capacity, therefore a fuel cell does not 
it runs out or needs to be recharged; it works as long as fuel and oxidant are supplied to it from 
outside the stack. 
 
A fuel cell consists of an anode into which fuel is injected – hydrogen in this case – and a cathode 
into which an oxidant is introduced – usually air or oxygen. The two electrodes of a fuel cell are 
separated by a conductive ionic electrolyte. Its operating principle is the opposite of that of 
electrolysis. For example, in the electrolysis of water, this compound is separated into its two 
components, hydrogen and oxygen, while in a fuel cell an electric current would be obtained 
through the reaction between these two gases: 
2H2 + O2 - 2H2O 
 
Depending on the type of fuel cells, efficiencies between 35% and up to 
60%. 
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Technical characteristics 
 
The generator "STH2C" (STH2C) is a fully automated equipment, designed for use as an 
electrical generator through the use of H2. It is made up of 5 modular generators of 1 kW nominal 
power connected in parallel. 
 
 
The fuel used by the system is hydrogen, which is supplied by bullets or any hydrogen generation 
equipment. The system transforms hydrogen into electricity, being able to generate 1.6 KW of 
continuous power, with a maximum output voltage of 48 V. 
 
 

 
 
This equipment needs a 230VAC connection to start. Once started, the equipment becomes 
totally autonomous, by having individual DC/DC generators and by having a DC/DC 48/24V 
cabinet to power the GCS. Apart from this, the equipment incorporates a UPS system with a 230V 
input V AC and direct current output 24 V DC. 
 
Security: 
 
This system uses hydrogen for its operation, current legislation must be complied with for its 
supply and distribution installation. The STH2C is prepared to stop its operation in case of 
unsuitable conditions of use: hydrogen supply failure, hydrogen leak, high stack temperature, high 
currents demanded from the stack, low stack voltage, etc. 
 
 
 
 
  



   

MICROGRIDS Erasmus+ KA2 Project   30 
 

 

4. i-Sare diesel engine generation system 
 
A generator set is a machine that moves an electrical energy generator through an internal 
combustion engine. It is commonly used when there is a deficit in power generation somewhere, 
or when there is a power outage and it is necessary to maintain activity. One of its most common 
uses is in those places where there is no supply through the electrical network, generally they are 
agricultural areas with few infrastructures or isolated houses. Another case is in places of public 
attendance, hospitals, factories, etc., which, in the absence of electricity from the network, need 
another source of alternate energy to supply themselves in an emergency. A generator set 
consists of the following parts: 
 
 
 

● Internal combustion engine. The engine that drives the generator set is usually specifically 
designed to perform this task. Its power depends on the characteristics of the generator. 
They can be gasoline or diesel engines. 
 
 

● Refrigeration system. The engine cooling system is problematic, as it is a static engine, 
and can be cooled by water, oil or air. 
 
 

● Alternator. Electrical output power is produced by a shielded, splash-protected, self-
excited, self-regulating, brushless alternator precisely coupled to the motor. The size of the 
alternator and its performance are highly variable depending on the amount of energy they 
have to generate. 
 
 

● Fuel tank and bench. The engine and alternator are coupled and mounted on a steel 
bedplate. The bench includes a fuel tank with a minimum capacity of operation at full load 
according to the technical specifications that the group has in its autonomy. 
 
 

● Control system. One of the different types of panels and control systems that exist can be 
installed to control operation, group output and protection against possible malfunctions. 
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● Output automatic switch. To protect the alternator, they have an automatic output switch 
installed that is suitable for the model and output rate of the generating set. There are 
other devices that help to automatically control and maintain its correct operation. 
 
 

● Engine regulation. The engine governor is a mechanical device designed to maintain a 
constant engine speed relative to load requirements. Engine speed is directly related to 
the alternator output frequency, so any variation in engine speed will affect the frequency 
of the power output. 
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5. i-Sare ENERGY STORAGE SYSTEMS 
 
This activity develops the different existing storage technologies in the isare microgrid and a brief 
description of the operating principle of each of them. 
6.8.1 – Storage systems. Batteries 
It is called a battery, electric battery, electric accumulator or simply accumulator, to the device that 
consists of one or more electrochemical cells that can convert the stored chemical energy into 
electricity. 
 
The operating principle of an accumulator is essentially based on a reversible chemical process 
called reduction-oxidation, a process whose components are not consumed or lost, but merely 
change their oxidation state and, in turn, can return to their normal state. original under the right 
circumstances. 
 
These circumstances are, in the case of accumulators, the closing of the external circuit, during 
the discharge process, and the application of a current, also external, during charging. The 
parameters of an accumulator: 
 

● Voltage: The voltage or potential (in volts) is the first parameter to consider, since it is the 
one that usually determines whether the battery is suitable for the use for which it is 
intended. The unit of voltage is the volt. 

 
● Current: It is the net rate of change of charge Q (measured in coulombs) transferred 

through a cross section of a conductor. 
 

● Load capacity: The load capacity that the element or battery capacity can store, is 
measured in ampere-hours (Ah) and is the second parameter to consider. In some cases, 
the maximum obtainable current intensity, measured in amperes (A), is of special 
importance; For example, car starter motors demand very high stresses from the battery 
when they are started (hundreds of A), but they act for a short time. 

 
● Electrical load: Electrical load is measured in practice by reference to charge and 

discharge times in amperes (A). The SI unit is the coulomb (C). 
 

● Energy: The energy that a battery can supply depends on its capacity and its voltage, it is 
usually measured in Wh (watt-hours); the SI unit is the joule. 

 
● Resistance: The resistance of batteries is much lower than that of batteries, which allows 

them to supply loads much more intense than those of batteries, especially temporarily.  



   

MICROGRIDS Erasmus+ KA2 Project   33 
 

 
 
 
 

● Performance: The performance is the percentage relationship between the electrical 
energy received in the charging process and that delivered by the accumulator during 
discharge. The lead-acid battery has an efficiency of more than 90%. Ni-Cd batteries 83%. 

 
● Charge/discharge constant C: C is a constant created by manufacturers that depends on 

the milliamp hours specified in the battery and is used to more easily indicate the intensity 
at which a battery should be charged or discharged without damaging it. . 

 
● Memory effect: The memory effect is an undesirable effect that affects batteries and by 

which in each recharge the voltage or capacity is limited (because of a long time, a high 
temperature, or a high current). The consequence is the reduction of the capacity to store 
energy due to the interior of the battery. 

 
 
 
Types of rechargeable accumulators by their internal nature: 
 

● lead-acid batteries 
● Nickel-iron (Ni-Fe) batteries 
● Nickel-cadmium (Ni-Cd) batteries 
● Nickel-metal hydride (Ni-MH) batteries 
● Lithium-ion (Li-ion) batteries 
● Lithium Polymer (LiPo) Batteries 
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i-Sare has the following batteries: 
 

1. LEAD BATTERY: Ares range battery that adopts traditional tubular gel technology. These 
elements are Lead-Acid gas recombination elements that use a combination of Gel and 
tubular technology to achieve a high level of reliability. Each of these cells benefits from 
optimized plate design, achieving capacities in excess of DIN standard values. The 
PowerSafe OPzV range offers long rotation and cycling life, making it a truly flexible 
solution. In addition, PowerSafe OPzV batteries are suitable for a wide variety of 
applications including telecommunications, telephone, power plants and distribution 
systems, railway, airport and seaport signalling, computers, emergency lighting, 
automotive and power systems. measurement 

 
The use life is 18 years or more. 
 
Excellent deep load recovery and cycling capability. Increased safety with fully insulated 
connectors, immobilized electrolyte, one-way safety valve and flame arrestor. 
 
Easy installation: Vertical or horizontal position. Reduced maintenance: No replenishment of 
water. 
 
The OPzV line combines the technologies of tubular plates and gelled electrolyte in a single VRLA 
type battery, being able to withstand long and repeated discharges over long periods. Cells can 
be mounted horizontally or vertically, according to requirements 
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1. LITHIUM BATTERY: The stationary energy storage system based on Li-Ion cells 
developed by CEGASA is mainly intended for connection to the electricity grid in 
substations or transformation centers. 

 
It presents a totally modular concept that allows adjusting the stored energy and the output 
voltage range to the specific needs of the application. The equipment developed is basically 
a series association of Li-Ion cells, with the accessory systems (electronics, mechanics, 
refrigeration, etc.) necessary to make safe use and maximize the performance of the storage 
system. Therefore, for its connection to the electrical network it is necessary to add a power 
converter that transforms the DC output voltage of the equipment to the typical values of the 
network. 
 

 
General characteristics of the Battery: The basic unit of the Battery is the cabinet or STLEC that 
can work autonomously and be connected through a converter to the electrical network. The 
STLEC is basically a Li-Ion string that can be connected in parallel with other identical equipment, 
to achieve the energy and power required in the application. 
 
The STLEC internally is also designed in a modular way and will house two types of pluggable 
elements: 
 
MECs Energy Storage Modules: A minimum of 4 and a maximum of 6 MECs may be inserted in 
the STLEC. All MECs will be connected in series. 
MCP Control and Protection Module: There will always be a single MCP that will manage all the 
MECs connected in series in the STLEC, as well as the interface with the power converter, other 
STLECs or with the user. 
 
 
 
 
 
 
 
 
  

https://es.wikipedia.org/wiki/Bater%C3%ADa_el%C3%A9ctrica
https://es.wikipedia.org/wiki/Bater%C3%ADa_el%C3%A9ctrica
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Condenser storage system (Supercaps): 
 
A capacitor is a device that stores electrical charge. Supercapacitors, also known as 
electrochemical double-layer capacitors, pseudocapacitors, ultracapacitors or simply EDLC for 
short, are electrochemical devices capable of sustaining an unusually high energy density 
compared to normal capacitors, presenting a capacity thousands of times greater than that of high 
capacity electrolytic capacitors. 
 
In a "normal" capacitor, the greater the area of the plates, the greater the charge storage capacity. 
But given the impractical increase in smooth area (the device would be too bulky), it is better to 
increase the roughness of the plate as a way to increase the area. If the "wrinkles" on the surface 
tend to be prominent and tiny, on the order of μm (micro-meters, 10-6 m) or nm (nano-meters, 10-
9 m), the surface would tend to be huge. . Therefore, these conditions would allow the capacity of 
a “rough plate” capacitor – or even porous plates – to be increased significantly. This is where we 
enter the area of supercapacitors. 
 
 
Its main virtue is to provide considerable charging currents, without the need for maintenance. In 
turn, they present great charging speed and optimal characteristics to operate in cyclic regimes. 
All this under possible adverse temperature conditions. 
 
 
Main components of the system: 
 
The isare supercapacitor storage system has two different technologies. On the one hand 
commercial supercapacitors of the Maxwell brand and on the other hand a bank of 
supercapacitors developed by CEIT 
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Tower :Types 

 

 

Tubular Tower: Manufacture 
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Power transformer  
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Electrical cabinets  
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Electrical distribution and power 
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Tower Base Cabinet 

 

Hub cabinet – hydraulic pitch / electrical pitch 
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Electrical cabinet – cell 
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Introduction  

There is a lot of attention for storage systems for electrical energy. Storing electrical energy 
from renewable sources has advantages and disadvantages. One has to think here of the 
availability of the energy, but also the duration of this energy. In addition, the surplus of 
energy from renewable sources can cause problems on the energy grid that may have to do 
with, for example, the congestion on the energy grid. A microgrid that is not connected to the 
grid is therefore very dependent on the availability of the generated energy and wants to store 
and deliver it as efficiently as possible at the best possible price. 
 

In this module about Storage, we will discuss in more detail how we can make the best 
choice for storage of electrical energy. Of course, we need some knowledge of a broad scale 
of storage techniques. The degree of storage depends on what the electrical storage needs, 
but also the type of load. 
A number of companies have been asked to think along with us about what knowledge future 
students should have when it comes to working on electrical and heat storage systems. A 
number of learning objectives have emerged from this. These will be specified later. 
 
The student will be introduced to different energy storage systems and will have to delve into 
terms such as energy performance, scalability, safety etc. 
 
 

 

Learning outcomes  

 Knowledge of storage systems 

 Knowledge of battery life 

 Manufacturing a battery 

 Researching hydrogen properties 

 Exhibiting investigative behaviour 
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Different energy storage systems of heat and electricity 

 

There is a lot of attention for storage systems for electrical energy. Storing electrical energy 

from renewable sources has advantages and disadvantages. One has to think here of the 

availability of the energy, but also the duration of this energy. In addition, the surplus of 

energy from renewable sources can cause problems on the energy grid that may have to do 

with, for example, the congestion on the energy grid. A microgrid that is not connected to the 

grid is therefore very dependent on the availability of the generated energy and wants to store 

and deliver it as efficiently as possible at the best possible price. 

There are different types of ways to store electrical energy. It is good to take note of this in 

order to be able to determine which system produces and stores the most energy. This will be 

different for each country or region. (Flexibility of energy) 

The flexibility of energy translates into four functionalities when it comes to the supply and 

demand of energy (also within a microgrid), namely: 

- Keeping the 50 Hz frequency of voltage stable 

- Spare capacity 

- Distributing the load 

- Bridging periods of seasons. 

 

Different types of energy storage systems 

The choice of a storage system is diverse and depends on the purpose of the storage. 
Think of energy performance, scalability, safety, sustainability and of course the costs. 
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Differences between heat and electricity storage systems 

Heat storage systems are systems where the energy is not immediately converted into 
electricity, but into, for example, a liquid or a combination of different materials. 
After that, the energy could be converted into electricity or used for heating. 
Below are some examples of liquids and materials used in heat storage systems. 

- Water 
- Glycol solution (a closed system of antifreeze) 
- Molten salt (Gemasolar – Sevilla-110 GWh / Enexis-Blue battery) 
- Concrete or stone 
- Synthetic oils (up to 300-400oC)  
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Principle operation of single heat storage systems 

 Figure 2. Gemasolar – Seville 
 
Blue battery: the energy density per cubic meter is currently low and therefore not suitable for 
the consumer at the moment. Think for a moment that for a capacity of about 10 kWh you 
need about 5000 liters of water. 
 
Open storage system: 

An example of such a storage system can be a KWO (cold-heat storage) or ATES 
(heat-cold storage). A system that uses the aquifer soil layer. 

 
Closed storage systems: 

- Failure water/steam under high pressure. 
- Mothed salt 
- KWO/ ATES 
- ECOVAT 

 

Electrical energy storage systems: 

When choosing, for example, a suitable battery, the energy density (E in Wh/kg) of the 
material that makes up the battery and the power density (P in W/kg) must be considered.  
See the Ragone chart below. 
 
Think that a higher specific energy can be operational for longer. 
And a higher specific power yields a higher current.  

  



   

MICROGRIDS KA2 Project    7 

 

In addition, the charging and discharging properties must be considered. 

Storage systems that give the highest efficiency are those with low losses. 

The charging and discharging time of storage methods could be divided into: 

Seconds – Minutes| batteries, flywheels and (power) capacitors. 

Daily| batteries, compressed air, flow batteries and pump storage  

Weeks – months| hydrogen, synthetic natural gas, amoniak, formic acid or methanol. 

 

 

Left: 

https://www.dgem.nl/nl/andere-duurzame-energie-oplossingen/thermische-energieopslag-
systemen 
https://en.wikipedia.org/wiki/Gemasolar_Thermosolar_Plant 
https://www.enexisgroep.nl/nieuws/zoet-zout-waterbatterij-voor-energieopslag-van-de-
toekomst/ 
https://www.dgem.nl/nl/nieuws/2015/07/ecovat-smart-thermal-energy-storage 
https://www.researchgate.net/publication/319162842_Electric_Vehicles_in_New_Zealand_Te

chnologically_Challenged 

 

  

https://www.dgem.nl/nl/andere-duurzame-energie-oplossingen/thermische-energieopslag-systemen
https://www.dgem.nl/nl/andere-duurzame-energie-oplossingen/thermische-energieopslag-systemen
https://en.wikipedia.org/wiki/Gemasolar_Thermosolar_Plant
https://www.enexisgroep.nl/nieuws/zoet-zout-waterbatterij-voor-energieopslag-van-de-toekomst/
https://www.enexisgroep.nl/nieuws/zoet-zout-waterbatterij-voor-energieopslag-van-de-toekomst/
https://www.dgem.nl/nl/nieuws/2015/07/ecovat-smart-thermal-energy-storage
https://www.researchgate.net/publication/319162842_Electric_Vehicles_in_New_Zealand_Technologically_Challenged
https://www.researchgate.net/publication/319162842_Electric_Vehicles_in_New_Zealand_Technologically_Challenged
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Lead-acid battery vs Lithium-ion battery. 

 

Stream 

Lithium batteries give 4 to 5 times more power than the average lead-acid battery. 

That can be an advantage if you have high loads and you want to charge and discharge 

quickly. 

But if you don't need that, the lithium battery doesn't give you an advantage. 

The high currents can also be obtained by connecting the cheaper lead batteries in parallel. 

Think, for example, of charging via wind energy. That does not have to go quickly and then 

you would better opt for lead batteries. 

So for fast charging and discharging per day give lithium an advantage. 

 

Efficiency 

 

Self-discharge: 

Self-discharging means that the battery discharges without a load. 

A lithium battery loses about 3% of its drawer per month and a lead-acid battery 

between 3% and 10%. This is mainly due to the temperature. Lead-acid batteries are 

more sensitive to this. It is therefore important to keep the temperature of the batteries 

constant. 

 

Cycle Efficiency: 

During charging, energy is lost. 

For a lithium battery this is about 8% and for lead-acid batteries about 50%. 

This is because a lot of gas is created in the last phase of charging (absorption), which 

costs a lot of energy. 

 

Weight: 

The energy per unit of weight for lithium battery is about 13-18kg/kWh 

For a lead battery, this is 30-90 kg/kWh. 

The range of lead-acid batteries is therefore better than with lithium batteries.  

 

Temperature: 
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Both batteries do not like very high or low temperatures. 

Below freezing point, preheating is necessary or limiting the discharge flow. 

 

Lifetime: 

Battery life depends on 3 principles: 

1. Battery degradation 

2. The use of the battery (duty cycle) 

3. Abusing the battery (not using the battery correctly) 

 

Degradation occurs when you do not use the battery. That can be about 10 to 20 years 

for a lead-acid battery. 

The conversion of the active mass in the plates into sulfate crystals. These arise during 
the discharge. 
If the battery is not charged fast enough, sulfation will occur. As a result, the battery 
loses its capacity. Because this sulphating becomes low hard and impenetrable. 

 
Due to frequent charging and discharging, the battery plates lose mass. Due to 
cohesion, the active material falls out of the plates. 
 
Corrosion on the individual plate ensures that the internal resistance increases. The 
plates will eventually disintegrate. And the battery has then become unusable. 
 

A duty-cycle means charging and discharging once. 

How do you describe the lifespan? This is described as the battery has 80% of its 

capacity. Then it is at the end of its life. 

Some lithium battery manufacturers do not use the 80% rule but the 60% or 70% rule. 

So keep this in mind when you give advice. 

 

Battery abuse 

By using very high or low voltage. 

By using too high a current when charging and discharging. 

Or by using the batteries in very high or low temperatures. 

 

Finally: 

The average lithium battery will outperform the average lead-acid battery. 

But if you use good quality lead-acid batteries, they can perform the same as the lithium 

batteries. 
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Lithium always has a big advantage when it comes to the enegie/weight ratio or the 

current/weight ratio. 

 

Be aware that a manufacturer always compares its battery with a bad variant of a competitor. 

 

Lithium battery can generally be discharged up to 90% and a lead battery up to 50%. 

But that does not mean that you cannot discharge the lead battery to 90% in an emergency. 

This does have some consequences for the life of the battery. 

 

Lithium Vs Lead-Acid: A Simple & Unbiased Performance Comparison - YouTube 

The Best Solar Batteries: What You Need to Know Before You Buy // Off Grid Power 

Systems - YouTube 

A Complete Cost Comparison of Deep Cycle Batteries: LiFePO4 Lithium // FLA // AGM - 

YouTube 

 

 

Total cost of lead-acid battery 

A Complete Cost Comparison of Deep Cycle Batteries: LiFePO4 Lithium // FLA // AGM - 

YouTube 

  

https://www.youtube.com/watch?v=JeVakJhwkis
https://www.youtube.com/watch?v=LhARAsr1KX8
https://www.youtube.com/watch?v=LhARAsr1KX8
https://www.youtube.com/watch?v=xreO2G1xPHQ
https://www.youtube.com/watch?v=xreO2G1xPHQ
https://www.youtube.com/watch?v=xreO2G1xPHQ
https://www.youtube.com/watch?v=xreO2G1xPHQ
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Safety risks 

Batteries and in particular Lithium-Ion batteries sometimes cause problems. 

Due to the very high energy density of various electrical storage systems, the risk of fire is 

high due to damage or overload. For example, by taking the tolerances too closely when 

assembling a battery, the temperature can become too high and a fire occurs. 

Teen's Dell Laptop Bursts Into Flames - YouTube 

Question: Would you leave your laptop on the charge at night or would you take it off the load 

when you go to sleep? 

It is therefore of the utmost importance that the installer is aware of the various laws and 

regulations concerning the use, storage, transport, maintenance, recycling ect 

 

Links: laws and regulations in the Netherlands and internationally 

https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2021/12/16/bijlage-

1-verkenning-regelgeving-batterijen/bijlage-1-verkenning-regelgeving-batterijen.pdf 

https://www.infomil.nl/actueel/@217276/opslag-lithium-ion-batterijen/ 

 

https://www.dnv.com/services/gridstor-recommended-practice-for-grid-connected-energy-

storage-52177 | register to download the English document 

 

2021 versions of the ADR and ADN in Dutch and French available | ADR safety advisor 

(veiligheidsadviseur-adr.nl) 

 

  

https://www.youtube.com/watch?v=CIB4UQ2oSJo
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2021/12/16/bijlage-1-verkenning-regelgeving-batterijen/bijlage-1-verkenning-regelgeving-batterijen.pdf
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2021/12/16/bijlage-1-verkenning-regelgeving-batterijen/bijlage-1-verkenning-regelgeving-batterijen.pdf
https://www.infomil.nl/actueel/@217276/opslag-lithium-ion-batterijen/
https://www.dnv.com/services/gridstor-recommended-practice-for-grid-connected-energy-storage-52177
https://www.dnv.com/services/gridstor-recommended-practice-for-grid-connected-energy-storage-52177
https://www.veiligheidsadviseur-adr.nl/veiligheidsadviseur/versies-2021-van-de-adr-en-adn-in-het-engels-en-frans-beschikbaar/
https://www.veiligheidsadviseur-adr.nl/veiligheidsadviseur/versies-2021-van-de-adr-en-adn-in-het-engels-en-frans-beschikbaar/
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Identifying the risks in the field of sustainability 

-Fossil fuels must be replaced by clean energy. 

To store energy, a lot of batteries are needed. 

But how sustainable are batteries? 

-Read the article how sustainable are batteries on "for the world of tomorrow" 

How unsustainable are batteries? | For the World of Tomorrow 

 

The extraction of raw Lithium material. 

Sustainable energy is therefore the future. But to store all this power there is a high demand 

for batteries, especially rechargeable lithium li-ion batteries. These batteries are compact, 

have a high energy density and wear out relatively slowly. An ideal solution for producers. 

In recent years, therefore, the demand for lithium, the "white gold", has increased explosively. 

Supply could not keep up with demand, with the result that the price of the metal per kilogram 

has doubled in the past four years.  

But there is a problem. The extraction of the raw materials needed to produce the modern, 

rechargeable battery is a very environmentally unfriendly process, which completely turns the 

living environment of local communities upside down and encourages the violation of human 

rights. 

 

 

The extraction process costs a lot of water, which is already scarce in the area. For the 

extraction of one ton of lithium, almost 2 million litres of water are consumed. 

La fiebre del litio (the lithium fever) in South America has already led to many protests from 

https://www.voordewereldvanmorgen.nl/artikelen/hoe-onduurzaam-zijn-batterijen
https://tradingeconomics.com/commodity/lithium
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local communities. Farmers accuse the mining companies of destroying the landscape and 

acidifying the soil, because of dumping large amounts of salt into nearby lakes. This makes 

the land barren and threatens the traditional survival of the farmers. Water consumption also 

leads to the shrinking of the water reservoirs and the lowering of the groundwater level. 

 

 

Cobalt 

Cobalt is a raw material that is also processed in batteries. 

Cobalt is almost exclusively found in the Democratic Republic of Congo. The raw material is 

literally up for grabs in the central African country and that is being done en masse. One 

consequence is the motivation to make money quickly and easily, which puts ethical behavior 

and safety in second place. 

Congo is home to many so-called "artisanal" mines. These are mines where cobalt is often 

extracted from the ground by hand, often with the help of child labour, without any protective 

equipment such as mouth masks. It is estimated that about 40,000 children are employed in 

these cobalt mines. 

Interesting links: 

How unsustainable are batteries? | For the World of Tomorrow 

– Batteries (recyclingnetwerk.org) 

Lithium | 2022 Dates | 2023 Forecast | 2017-2021 Historical | Price | Quote | Chart 

(tradingeconomics.com) 

  

https://www.voordewereldvanmorgen.nl/artikelen/hoe-onduurzaam-zijn-batterijen
https://recyclingnetwerk.org/visie/batterijen/#vraag3
https://tradingeconomics.com/commodity/lithium
https://tradingeconomics.com/commodity/lithium
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Practical knowledge of the use of and storage betteries: 

 

- Always store a battery in a fully charged state. Do this preferably in a room with a 

temperature of 20 degrees Celsius. 

- Recharge the battery regularly to compensate for the self-discharge. This self-

discharge is higher when the temperature is below 20 degrees Celsius. 

- Do not charge a discharged battery immediately but rather leave it for a while (week / 

weeks), especially if the temperature is low, usually means the end of the battery. 

- Do not discharge a battery too quickly. How quickly you can discharge a battery is 

different per battery type, but as a rule of thumb: preferably no more than a fifth of the 

battery capacity. You should not discharge a battery of 100 Ah with a current greater 

than 100 Ah / 5 = 20 Amps. This is called the C/5 current. "rolled up" AGM batteries 

can also be discharged with slightly higher currents. A current equal to the capacity of 

the battery is not abnormal. So 100 Amps with a 100 Ah battery, but don't do that for 

too long in a row. The following applies to all batteries: the less heavily you load the 

battery, the longer the lifespan will be. So rather a C/8 current than a C/5 current. 

- Never discharge a battery until it is "empty", which is usually the end of the battery. 

Good inverters have a protection that the battery at a voltage of 11 Volts gives off an 

alarm (and then it is already better to stop) and switch itself off at a voltage of about 

10.5 Volts (for 12 Volt installations, 21 Volt for 24 Volt installations). The deeper you 

discharge a battery, the shorter the lifespan becomes. 

- The capacity of a battery, which is specified in Ah (Ampere hours) applies (usually) to 

a limited current consumption for 20 hours and a temperature of 20 degrees Celsius. A 

100 Ah battery therefore has a battery capacity of 100 Ah when you take 5 Amps out 

of the battery for 20 hours (20 hours x 5 Amps = 100 Ah). If you draw a larger current 

from the battery, the available capacity (that time) will be less, for example only 90 Ah. 

If you withdraw a smaller current, the available capacity (that time) will be larger. 

- If the temperature decreases, the capacity also decreases. If the temperature 

increases (above 20 degrees), the capacity increases. 

- If the temperature drops below 20 degrees, the battery life increases. If the 

temperature is higher than 20 degrees Celsius, the service life decreases. It is not 

uncommon for a battery life to be limited to 50% when used in an environment of 30 

degrees Celsius. 
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- The life of a battery is strongly influenced by the number of charging cycles (charge-

discharge-charge). The deeper the battery is discharged, the shorter the service life. It 

is better to discharge a battery a little and then charge it again than to deeply 

discharge it. In the graph below, the lifetime, the number of charge cycles, is compared 

to the depth of discharge. 

 

 

 

 

 

 

 

 

 

 

 

- A (in this case Trojan AGM) battery that you always discharge for 50% lasts 750 

charging cycles (see graph). If you discharge the battery only for 30% (so 70% 

remains in the battery) then the lifespan increases to (in this case) 1200 charging 

cycles. 

- Always include a fuse in one of the battery cables, and very close to the battery (at 10-

20 cm), this due to.m short circuit. If you have not included a fuse in the battery cables, 

very large currents will flow in the event of a short circuit, and comb may lead to a fire. 

- Always insulate the battery connections. If you drop a piece of metal on the battery 

once, e.g. tools, and this makes contact with + and - pole, the battery produces huge 

currents, not only very bad for the battery, but it produces a nice piece of fireworks! 

- When you place batteries in series, take exactly the same batteries that are also from 

the same date of manufacture / have been charged / discharged the same number of 

times. 

- When your batteries are placed in parallel, take exactly the same batteries that are 

also from the same date of manufacture / have been charged / discharged the same 

number of times. 

- If you need to replace a bad battery that is in series and/or parallel to another battery, 

https://welke-kiezen-kopen.nl/omvormers-12v-naar-220v/accu-parallel-serie-schakelen-12v-24v-36v-48v
https://welke-kiezen-kopen.nl/omvormers-12v-naar-220v/accu-parallel-serie-schakelen-12v-24v-36v-48v
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always change the complete battery set. 

- Do not charge a battery too quickly. A safe limit is generally C/8, i.e. a current equal to 

the eighth part of the battery capacity. For a 100 Ah battery that is about 12 A. But the 

best value is specified by the battery manufacturer. 

- Use a charger that is appropriate for the type of battery you're using. A good battery 

charger also has a temperature sensor that you connect to the minus pole of the 

battery (so do not connect it to the plus pole!). Note: a charger for wet batteries (the 

standard charger that you buy everywhere) is not very suitable for an AGM battery and 

even disastrous for a gel battery. A gel battery always needs a special battery charger! 

- Never overload a battery. Then he starts "cooking". With a wet battery, the damage 

can be repaired by "refilling" the battery. With closed batteries, this is impossible and 

the capacity and lifespan will decrease sharply. By the way, a good battery charger will 

prevent a battery from being "overcharged". This notices when the battery is almost full 

and will then switch to drip charging. 

- If you want to know the state of charge of a battery, you can measure the battery 

voltage. But only measure this voltage after 4 hours after it is charged or discharged. 

After charging or discharging, the voltage will respectively slowly drop or rise to a 

"resting level" that is only reached after four hours. 

- If you have multiple batteries, do not put them directly against each other. The 

battery(s) in the middle get warmer and fail faster. Keep them cool by giving them "air" 

(two to three centimeters of space). 

- If you have batteries in series, for example two batteries of 12 Volts because your 

inverter needs 24 Volt voltage, do not connect 12 Volt equipment to one of those two 

batteries! Your batteries will then be discharged unevenly. Never do it! Use a 24V to 

12V dc-dc inverter and connect the 12V equipment to it. 

Specifically for "wet batteries" (so not for AGM and gel batteries) the following points also 
apply: 

- Ventilate the room in which the batteries are located well: during charging, a highly 

flammable gas (knalgas) is created. Even better: place them in a room (box/ cupboard) 

that is ventilated by the outside air. 

- Place the batteries in a battery box due to possible leaks of battery acid. 

- Never fill batteries with sulphuric acid but only with pure (distilled) water 
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Lithium battery laws and regulations 

In the chapter "Risico's in the field of safety" the various laws and regulations regarding the 

storage, transport, maintenance of batteries have already been pointed out and a number of 

practical tips have been given about storing batteries. 

This chapter is more about the national and international laws and regulations surrounding 

this topic and in particular the lithium battery in particular. 

For the international regulations for the transport of batteries, I have used the ADR-2021 

(Agreement for the International Transport of Dangerous Goods by Road) Here is also an 

English version of this. 

 
 
Is a lithium-ion battery a hazardous substance? 

YES, according to the Activities Decree and the Environmental Law Decree. 
Please read the ADR section 2.2.9.1.7 
2.2.9.1.7 Lithium batteries shall comply with the following requirements, unless the ADR 
provides otherwise (e.g. for prototypes of batteries and small production series in accordance 
with special provision 310 or damaged batteries in accordance with special provision 376). 
 
For example, Article 2.2.9.1.7c states that each battery must be equipped with an effective 
means of protecting external short circuits. 
Article 389 of adr chapter 3.3. 
 
"This position applies only to charging units in which lithium-ion batteries or metallic lithium 
batteries are placed and which are designed only for power supply outside the charging unit. 
Lithium batteries shall comply with the requirements of 2.2.9.1.7(a) to (g) and shall be 
equipped with the necessary systems to prevent overcharging and discharge. 
The batteries must be safely installed inside the charging unit (e.g. by means of 
placement in racks, cabinets, etc.), in such a way that a short circuit, inadvertently in 
operation 
steps and significant movement relative to the charging unit during shocks and 
loads normally experienced during transport shall be avoided. 
Dangerous goods necessary for the safe and proper operation of the loading unit 
(e.g. fire extinguishing and air conditioning systems), must be properly secured or installed in 
the charging unit and are not otherwise subject to the ADR. Dangerous goods which are not 
necessary for the safe and proper operation of the loading unit shall not be transported within 
the loading unit.' 
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What are the risks with the storage of lithium-ion batteries? 

 
Heat can ignite the Lithium-ion battery and that reaction can accelerate itself. Also called 
"thermal runaway". 
 
Causes may include: 

- Damage caused by a collision 
- Production error 
- Overload 
- Operating temperature that is too high 

 
Lithium-ion batteries still end up consciously or unconsciously in the landfill. Sometimes they 
are not removable and are damaged by processing, which results in the batteries becoming 
too hot and igniting.  For storage, it is therefore important to ventilate well and not to expose 
the battery to extreme temperatures. 
 
Due to the too high temperatures, the electrolyte can be damaged and cause a short circuit, 
therefore a good BMS (Battery Management System) is necessary that also controls the 
ventilation 
 
How can a collision heat up the battery? 

The "thermal runaway" is caused by damaging the intermediate layer "electrolyte". This 
creates a short circuit between the poles. 
 
How can getting hot from a collision be largely prevented? 

By applying a separator, the electrons cannot immediately short-circuit between the poles. 
 
For the operation of a Lithium-ion battery and for the answers to the above questions see the 
following link: 
Lithium-ion battery, How does it work? - YouTube 
 
 
  

https://www.youtube.com/watch?v=VxMM4g2Sk8U
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Basic theory about batteries: 

 

Capacity: 

The capacity is expressed in Ah. This means that the battrij can supply a certain amount of 

current for a certain amount of time. So the product of current and voltage is always the 

capacity of the battery. 

 

Depending on the load, you could describe the capacity on different EN standards. 

 

Light load C20 (discharge in 20 hours) 

Heavy load C5 (discharge in 5 hours) 

Reserve load (load where a current of approximately 25A is used for, for example, an 

emergency. A car that stands still in distress with hazard lights and lights on) 

 

 

After a heavy load on a battery, the battery needs time to recover. That can take a few hours. 

It is therefore wise not to put a heavy load on the battery for a long time. This shortens the 

service life. 

 

Clamping voltage: 

 

Due to the internal resistance of the battery, the clamping voltage is lower than the source 

voltage generated in the battery. If the battery is unloaded, the source voltage will be equal to 

the clamping voltage. 

 

By taking a higher current from the battery, a higher current will run through the internal 

resistance of the battery. This will make the battery warm.  

For the life of a battery, it is important that it does not get too hot. Ventilation is therefore 

important. 

 

Series and parallel switching of batteries: 

The series and/or parallel switching of batteries has advantages. 
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Connecting batteries in series has the advantage that the cross-sections of the pipe can be 

kept small. That is because the total power supplied has remained the same. However, the 

voltage has become larger so that a device suitable for the clamping voltage of 12 V cannot 

be connected.  

 

The parallel switching of batteries has the advantage that you can immediately connect the 

consuming device. The voltage remains the same as the clamping voltage, but a much larger 

current can be supplied. (think for a moment of Kirchoff's law). Due to this larger current, the 

connection cables must have a larger diameter. 

 

Whether you use batteries in series, parallel or a combination...... The total capacity will 

remain the same. 
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Microgrids KA2-IO2 : Training Course for 

future workers in the field of Microgrids 

 

Unit 3.2 – Storage and introduction of hydrogen 
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Introduction 

 

The aim is to let students gain knowledge of the energy storage medium hydrogen. Both the 
production and the practical use of hydrogen. 
The aim is also to let the students gain some knowledge of chemistry. 
 
 

Learning outcomes  

 

 The student is able to find relations in number of atoms in different molecules 

 The student is able to see that atoms can change from one molecule to a different 

molecule 

  Knows the basics of chemistry and electrolyses. 

  Can explain why hydrogen is an energy-storage-unit. 

  Assemble the electrolyses by assembling their elements and verifying, where 

appropriate, their operation. 

  Maintain the electrolyser and it's safety. 

  Can calculate the efficiency of the fuel cell 

  Configure a different fuel cell and can give improvements on the model 

  Can give a summary of several fuel cells, storage or production of hydrogen. 

 The student is able to use basic concepts of chemistry 
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Hydrogen 

Hydrogen is widely used in the Chemical Industry. Especially for the various cracking 
processes, in which long hydrocarbon chains under high temperature and the addition of 
hydrogen disintegrate into smaller hydrocarbon chains, is a large consumer of hydrogen. 
But also the harden of vegetable fats for human consumption uses hydrogen. The hardening 
is done to have, among other things, liquid palm oil as a solid at room temperature (butter or 
powders). And how about the fertilizer industry? There, too, a lot of hydrogen is consumed. 
The use of hydrogen as an energy carrier is something that has been on the rise in recent 
years. This can be done both by means of combustion and by supplying current by means of 
reverse electrolysis. 
 
 

Production 

To make hydrogen, fossil fuels or electrolysis can be used.  The largest production of 
hydrogen is still taking place (2019) via the oxidization of carbon, methane or methanol. 
However, production by electrolysis is increasing. 
 

Production of hydrogen from methane (is most commonly used): 
CH4+ 2 H2O →CO2+4 H2CH4+ 2 H2O →CO2+4 H2 

 
In the production of hydrogen from methane, carbon dioxide is thus released. It also takes 
quite a lot of energy to make hydrogen as this synthesis takes place under high pressure and 
high temperatures. 
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In addition to methane as a raw material, coal can also be used for the production of 
hydrogen. With optimal conversion, the following reaction will occur. 

 

2C+ 2 H2O →CO2+2 H22C+ 2 H2O →CO2+2 H2 
 

Electrolysis 

 
As we saw above, we can make hydrogen from a number of organic substances using steam. 
The disadvantage of this is that we get CO2 as a by-product, this is a greenhouse gas and 
therefore bad for the environment. There is a method to produce CO 2-free, this method is 
called electrolysis and works with current. 
 
 

Types of Fuel Cells 
 
The electrolysis used in the practicum is of the so-called PEM type. PEM stands for Proton 
Exchange Membrane, this membrane is permeable to protons (H+) and can be used with pure 
water. However, there are also other types of electrolysis devices. 
For example, Alkaline cells with lye, Ceramic membrane work with steam and hydrogen can 
be extracted via electrolysis from molten table salt (NaCl). However, the latter method 
releases chlorine gas (Cl2)as a by-product.) 

 
Types of Hydrogen 
 
When making hydrogen, a distinction is made between the different processes. Each process 
has its own color. 
The oldest and most commonly used production method for hydrogen is that from fossil fuels 
(see chapters 1 and 2). During this process, CO2 is also released. If carbon dioxide is 
discharged through the chimney to the outside air, we speak of grey hydrogen. This applies 
both to the conversion of natural gas with steam as well as electrolysis using power plants 
that run on fossil fuels. However, carbon dioxide can also be captured to be stored afterwards 
(or to serve as a raw material in another process), this is the case there is talk of blue 
hydrogen.  The third color assigned to hydrogen is green. The hydrogen is produced by 
electrolysis from renewable energy sources. 
Yellow hydrogen has been started in 2021, where water can be split directly into H2 and O2 
by means of a photocatalytic converter. The returns are still very low (< 0.25%) and this 
technique is still in its infancy. 
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Storage of Hydrogen 
 
Since hydrogen is the smallest element and one of the smallest molecules, storage is made 
more difficult. Fortunately, there are sufficient materials (steel and plastic bottles) in which 
hydrogen can be stored safely and under high pressure.  Depending on the application for 
hydrogen, there are different storage options. 
For automotive, gas cylinders are the most suitable solution. The pressure will increase to 
700 bar (truck storage), 350 bar (passenger car storage) or 200 bar (tank in the car). The gas 
is then compressed. When refuelling, it is necessary to take into account a decrease in the 
temperature of the storage material (and pipes) due to the expansion of the gas and an 
increase in the temperature of the car tank due to compression. 
Liquid hydrogen will be used for transport by sea. Hydrogen is cooled to -253 °C and stored 
in large round gas tanks. Because the hydrogen is liquid, more kg can be transported per unit 
volume. The tank is complex compared to the normal gas cylinder. 
When hydrogen is used as a fuel for homes, it will be transported via a pipe system. 
Production and purchase of hydrogen for households and industry are often not the same, so 
buffering (intermediate storage) will have to take place. In the Netherlands, caverns (large 
cavities) are made in salt layers for this purpose. The capacity of one cavern can be up to 
6,000 tons H2.  This is similar to 17 million Tesla Powerwalls (first version). 
 

  
 
 
Hydrogen can also be stored in metal hybrid, hydrogen binds to the grid. The storage 
capacity is in the order of 120 grams per liter. A doubling of this is to bind hydrogen Sodium 
Boric oxide to the molecule Sodium Boron Hydrogen (NaBH2) also called Boron. 
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Graphic summary of hydrogen storage 
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The cathode releases electrons which decompose the water according to the reduction 
reaction: 

2 H2O+2e−→ H2+2 OH−2 Oh−2E−→ H2+2 OH− 
        -0.83 V 

At the anode, the water molecules undergo the following oxidation reaction: 
2 H2O → O2+4 H+ 4 e−2 H2O → O2+4 H+ 4 e− 

        +1.23 V 

The net outcome gives the following equation for decomposition: 
2 H2O → O2+2 H22 H2O → O2+2 H2 

         2.06 V 
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Microgrids KA2 - IO2: Training Course on 

Hydrogen Microgrid Systems 

 

Unit 4.1 – BASIC PROPERTIES OF 

HYDROGEN 
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Introduction 

 

In this training course, students will be able to understand the basics of hydrogen as an 
energy carrier, how it is produced and stored and its application and integration into an 
isolated or grid-connected solar and/or wind generation microgrid system. 
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Learning outcomes and assessment criteria 

 

Basic properties of hydrogen, its production and storage, and its function as 

an energy carrier 

 

Assessment criteria: 

 

a) The basic physical and chemical properties of hydrogen have been 

identified  

b) The different methods of producing hydrogen and the most suitable method 

for microgrid systems has been distinguished   

c) Hydrogen as an energy vector enabling grid-connected and isolated system 

supply/demand balancing, and contributing to the energy transition and 

decarbonisation 

d) The role of hydrogen as an energy vector in an integrated microgrid system 

have been distinguished    
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Basic content 

 

 

1. BASIC PROPERTIES OF HYDROGEN, ITS PRODUCTION, STORAGE, AND 

FUNCTION AS AN ENERGY CARRIER  

Procedural 

- Identification of the physical and chemical properties of 

hydrogen 

- Identification of the different methods of hydrogen 

production 

- Identification of the different forms of hydrogen  

- Relationship between hydrogen as an energy carrier and its 

role in balancing energy supply/demand  

- Identification of the role of hydrogen in energy transition and 

decarbonisation 

Conceptual 

- The physical and chemical properties of hydrogen  

- Methods of hydrogen production 

- Different forms of hydrogen  

- Hydrogen as an energy carrier and its role in an integrated 

microgrid generation installation 

Attitudinal 

- Good attitude to learning and work activities    

- Develop autonomy and responsibility to organise and 

manage one’s own work within a planned timeline 

- Willingness to develop one’s own learning tasks and self-

evaluate what has been achieved   

- Independent study and self-motivation to enhance learning 

and skills 
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Content Development 

 

Basic properties of hydrogen, its production and storage, and its function as an energy 

carrier  

 

1.1 Introduction to hydrogen and its properties   

 

Hydrogen in the future energy transition 

 

Hydrogen is currently undergoing somewhat of a global renaissance. Climate change and 

the absolute need to decarbonise energy is helping to drive a new hydrogen economy.  

The potential of hydrogen as a fuel has long been recognised, but the cost of production 

and issues around storage and safety have previously adversely affected its commercial 

adoption.  However, more recent technological advances are making hydrogen 

production more efficient and cheaper, and investment in hydrogen projects is growing all 

the time.   

 

The hydrogen industry shows strong momentum around the globe, with more than 520 

projects announced in 2021, up 100% compared to 2020. These announced projects will 

translate into 18 MT of clean hydrogen supply (accounting for USD 95 billion) as well as 

infrastructure (USD 20 billion) and end-uses (USD 45 billion). Considering investments to 

achieve government targets and support equipment value chains, the total sum of 

estimated spending will grow to more than USD 600 billion by 2030 (Hydrogen for Net-

Zero - Hydrogen Council, 2021).  This suggests that hydrogen will make a valuable 

contribution to the energy mix and to the future energy transition.  However, while interest 

in hydrogen and the increasing pipeline of projects are strong, a significant gap to the net 

zero scenario remains, with a significant step-up in investments, commitments, and 

supportive regulatory frameworks required to achieve success. 

 

Hydrogen is going to be critical in enabling a decarbonised energy system. In terms of 

end uses, hydrogen is critical for decarbonising industry (e.g., as feedstock for steel and 

fertilizers), long-range ground mobility (e.g., as fuel in heavy-duty trucks, coaches, long-
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range passenger vehicles, and trains), international travel (e.g., to produce synthetic fuels 

for maritime vessels and aviation), heating applications (e.g., as high-grade industrial 

heat), and power generation (e.g., as dispatchable power generation and backup power) 

(Hydrogen for Net-Zero - Hydrogen Council, 2021). 

 

To get closer to a Net Zero Carbon world, hydrogen will have an important role to play. 

Electrification will lead the future energy transition and the drive towards decarbonisation, 

but longer term, hydrogen will have an increasing influence in decarbonisation in many 

sectors, particularly, road and rail transportation, aviation, industry, but also in electricity 

generation in remote locations and where communities are isolated from the national 

electricity grid.  This is where microgrid systems can play an important role in energy 

generation using renewable energy in the form of solar PV and wind.  Excess renewable 

energy (e.g., where renewable generation is curtailed at night or at other times when 

supply outstrips demand) can be stored in batteries for later use or used to generate 

hydrogen using an electrolysis process.  The hydrogen produced can be stored as an 

energy carrier and used to generate electricity at times of high energy demand or to 

balance the microgrid system.  In essence, hydrogen can enable extremely competitive 

yet otherwise untapped “stranded” renewable energy potential in remote thinly populated 

locations (Hydrogen for Net-Zero - Hydrogen Council, 2021).        

 

China, followed by Europe and North America, will be the largest hydrogen markets in 

2050, together accounting for about 60% of global demand. Fulfilling this decarbonisation 

role will require a large scale-up of clean hydrogen production in the coming decades. 

Supplying 660 MT to end-uses will require 3 to 4 terawatts (TW) of electrolysis capacity 

and about 4.5 to 6.5 TW of renewable generation capacity, as well as 140 to 280 MT of 

reforming capacity for low carbon hydrogen production and associated infrastructure to 

store about 1 to 2.5 GT of CO2 a year. In such a supply scenario, renewable energy for 

hydrogen will account for roughly 15% to 25% of the 27 TW of total new renewable 

energy required by 2050 to reach net zero – a 10x increase over the 2.8 TW installed 

today (Hydrogen for Net-Zero -Hydrogen Council, 2021). 

 

Renewable (Green) hydrogen will account for 60% to 80% of supply or 400 to 550 MT of 

hydrogen by 2050. A step-up in renewable generation installations is required not only for 



   

MICROGRIDS KA2 Project    8 

 

hydrogen production but also for the broader electrification of society. About 27 TW of 

renewable power would be required in a net-zero economy in 2050 – the estimated 

electrolyser buildout would require about 20% of this capacity (Hydrogen for Net-Zero -

Hydrogen Council, 2021). 

 

Hydrogen can provide energy system resiliency. It can enable continuous grid operation 

by balancing peaks and troughs in demand, storing power when excess low-cost energy 

is available and releasing it when needed or when grid power is more expensive to use. It 

can also fuel backup generators required to maintain the power supply for essential 

facilities like data centres and hospitals, or in remote locations, where grid power is 

unavailable. 

 

 

YouTube video – Hydrogen 101 

https://www.youtube.com/watch?v=Kv8WT3-7ZHE 

 

 

 

 

 

 

YouTube video – Hydrogen: fuel of the future? 

https://www.youtube.com/watch?v=Kv8WT3-7ZHE
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https://www.youtube.com/watch?v=fkX-H24Chfw 
 

 

 

Hydrogen element and molecule  

Hydrogen is the simplest element on earth, and it is an energy carrier, not an energy 

source. Hydrogen can store and deliver usable energy, but it doesn't typically exist by 

itself in nature and must be produced from compounds that contain it. 

The hydrogen molecule is the oldest and simplest molecule in our Universe and appeared 

more than 13 billion years ago after the Big Bang.  It is found in every star, including the 

Sun, which draws its energy from the transformation of hydrogen into helium during a 

thermonuclear reaction. This process enables the sun to transmit heat and light to the 

Earth. 

Henry Cavendish was the first to recognise hydrogen as an element in 1766. Other 

scientists had produced samples of hydrogen gas without identifying it as an element. 

Cavendish called his discovery ‘inflammable air’. Antoine Lavoisier suggested the name 

‘hydrogene’ in 1783 and the name ‘hydrogen’, which is Greek for “that which generates 

water”, was adopted soon after. 

In 1838, German-Swiss chemist Christian Friedrich Schönbein discovered the fuel cell 

effect, which enabled the production of electricity using hydrogen and oxygen. The first 

fuel cell model was built in a laboratory three years later by Sir William Grove, an English 

scientist. In 1898, Sir James Dewar successfully liquefied hydrogen by cooling it down to -

252.87°C. His liquefaction process was improved on by another chemist and physicist, 

https://www.youtube.com/watch?v=fkX-H24Chfw
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the Frenchman Georges Claude, who was also one of the founders of Air Liquide, a 

leading worldwide company in gases, technologies and services for industry and health. 

Hydrogen is the smallest and lightest element in the universe as well as being the most 

plentiful, accounting for approximately 75% of the element mass of the universe.  

However, hydrogen does not exist freely in nature and is only present on Earth combined 

with other elements such as in water and hydrocarbons.  Therefore, it must be extracted 

from these other elements to obtain hydrogen gas. 

Hydrogen has the chemical symbol ‘H’ and is the first element in the Periodic Table of 

Elements. 

 

The electrically neutral hydrogen atom (protium) contains a single positively charged 

proton and a single negatively charged electron. This hydrogen isotope makes up more 

than 99.985 percent of naturally occurring hydrogen atoms. 

 

The mass of a hydrogen atom is concentrated in its nucleus. Indeed, the proton is more 

than 1,800 times heavier than the electron. A neutron, which has almost the same mass 
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as the proton and does not carry any charge, can also be present in the nucleus. 

Depending on the number of neutrons in the nucleus, hydrogen can have three isotopes: 

protium 1
1H (only a proton in the nucleus), deuterium 2

1H (a proton and a neutron in the 

nucleus), and tritium 3
1H (a proton and two neutrons in the nucleus) with atomic masses 

of 1, 2 and 3, respectively. The most abundant isotope is protium; deuterium is found in 

nature in approximately 0.015%; and tritium appears in small quantities in nature but can 

be artificially produced by various nuclear reactions.  

The hydrogen molecule (H2), which is sometimes called “dihydrogen” is made up of two 

interlocking hydrogen atoms, which form a covalent bond (H-H). In normal conditions 

(standard temperature and pressure), hydrogen is a gas (molecular mass 2.016 g/mol). 

Due to the hydrogen atomic arrangement, a single electron orbiting around a nucleus is 

highly reactive. For this reason, hydrogen atoms can easily combine into pairs. 

The hydrogen molecule exists in two forms distinguished by the relative rotation of the 

nuclear spin of the individual atoms in the molecule. Molecules with spins oriented in the 

same direction (parallel) are called ortho-hydrogen; and those with spins in the opposite 

direction (anti-parallel), para-hydrogen. The chemistry of hydrogen, and in particular the 

combustion chemistry, is slightly altered by the different atomic and molecular forms. The 

equilibrium mixture of ortho- and para-hydrogen at any temperature is referred to as 

equilibrium hydrogen. The equilibrium ortho-para-hydrogen mixture with a content of 75% 

ortho-hydrogen and 25% para-hydrogen at room temperature is called normal hydrogen.  

At lower temperatures, equilibrium favours the existence of the less energetic para-

hydrogen (liquid hydrogen at 20 K is composed of 99.8% of para-hydrogen). 

 

 

 

 

 

YouTube video 
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Chemical Bonding Introduction: Hydrogen Molecule, Covalent Bond & Noble 

Gases 

https://www.youtube.com/watch?v=qc1TGwedSIc 

 

The safety of hydrogen  

The safety of hydrogen is of vital importance to the development of the hydrogen 

economy. The development and introduction of hydrogen technologies, as well as the 

level of public acceptance of hydrogen applications have in the past been constrained by 

safety concerns. Hydrogen is perceived to be dangerous because it has some properties 

that make its behaviour during accidents different from that of most other combustible 

gases. It may cause material embrittlement (hydrogen assisted cracking or hydrogen-

induced cracking, of a metal caused by diffusible hydrogen) and diffuses more easily 

through many conventional materials used for pipelines and vessels. Gaps that are 

normally small enough to seal other gases safely are found to leak hydrogen profusely.  

Hydrogen is more susceptible to ignition after sudden releases from high pressure 

containment. When hydrogen's greatest safety asset, buoyancy, is not properly taken into 

account in the design of infrastructures and technologies for production, storage, 

transportation and utilisation, it becomes more dangerous than conventional fuels such as 

gasoline, LPG and natural gas. 

For many decades, hydrogen has been used extensively in the process industries (e.g., 

refineries and ammonia synthesis) and experience has shown that it can be handled 

safely in industrial applications as long as appropriate standards, regulations and best 

practices are followed.  The use of hydrogen as a compressed gas at extremely high 

https://www.youtube.com/watch?v=qc1TGwedSIc
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pressures (over 350 bar), or in liquefied form at an extremely low temperature (-253°C) in 

a microgrid system will require safe handling under such conditions and the appropriate 

codes and standards will need to be in place. Educational and training programmes in 

hydrogen safety are considered to be a key instrument in lifting barriers imposed by the 

safety of hydrogen. 

 

Hydrogen gas properties  
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Hydrogen gas at room temperature and pressure is colourless, odourless, and tasteless, 

meaning it is undetectable by the human senses.  At room temperature and pressure 

hydrogen gas is 14 times lighter than air. A hydrogen molecule is 50,000 times smaller 

than the thickness of a hair and one litre of hydrogen gas weighs only 90 mg under 

normal conditions of pressure and temperature. It is so light that it disperses very quickly 

and can escape the Earth’s gravity and enter space. 

Fuels that are gases at atmospheric conditions are less convenient as they must be 

stored as a pressurized gas or as a cryogenic liquid. For this reason, fuels that are liquid 

at atmospheric conditions are particularly convenient. 

Hydrogen is a liquid below its boiling point of –253ºC at atmospheric pressure: Hydrogen 

has the lowest atomic weight of any substance and therefore has very low density both as 

a gas and as a liquid. Density is measured as the amount of mass contained per unit 

volume. Gaseous hydrogen is approximately 7% of the density of air.  

As a liquid, hydrogen is not very dense. Ironically, every cubic metre of water contains 

111 kg of hydrogen whereas a cubic metre of liquid hydrogen contains only 71 kg of 
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hydrogen. When used as vehicle fuel, a large volume of hydrogen has to be carried to 

provide an adequate driving range. 

Hydrogen reacts chemically with oxygen to produce heat and water as in an internal 

combustion engine. Similarly, hydrogen reacts electrochemically with oxygen to produce 

electricity and water as in a fuel cell. 

Hydrogen is a nearly ideal fuel in terms of smog reduction when combusted. 

Hydrogen contains no carbon or Sulphur, so no carbon monoxide, carbon dioxide, 

sulphur compounds, or soot is produced during its combustion. 

Hydrogen is Flammable and Ignites easily. 

 

YouTube Video: Combustion of hydrogen and oxygen 

https://www.youtube.com/watch?v=ZgbtdqurEY0&t=87s 

 

 

 

 

 

 

 

 

https://www.youtube.com/watch?v=ZgbtdqurEY0&t=87s
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Comparison of hydrogen and propane combustion (Hydrogen Tools) 

https://h2tools.org/youtube-video/hydrogen-propane-flame-comparison 

 

 1:40 

 

 

Characteristics of Hydrogen 

https://www.youtube.com/watch?v=wdIGVmdMcBs 

 

  8:41 

 

Designers and operators of hydrogen systems should be aware that hydrogen's 

flammability range is very wide (4 – 75%) compared to other fuels. Additionally, under 

optimal combustion conditions (at a 29% hydrogen-to-air volume ratio), the energy 

required to initiate hydrogen combustion is much lower than that required for other fuels 

https://h2tools.org/youtube-video/hydrogen-propane-flame-comparison
https://www.youtube.com/watch?v=wdIGVmdMcBs
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(i.e., it only takes a small spark). 

 

For most of the incidents involving hydrogen fires and explosions, the ignition source is 

never identified. Because of the hydrogen’s low ignition energy and the many possible 

sources of ignition, it is customary to expect any hydrogen leak to be ignited.  Mixtures 

near optimal combustion conditions should be considered prone to spontaneous ignition. 

Ignition sources include: 

 

● Electrical 

o Static electricity 

o Electrical charge from equipment 

● Mechanical 

o Impact 

o Friction 

o Metal fracture 

● Thermal 

o Open flame 

o High-velocity jet heating 

o Hot surfaces 

o Vehicle exhaust 

o Chemical reactions 

 

A large, high-pressure hydrogen release could also auto-ignite due to shock wave 

formation. 

 

Hydrogen has the highest energy to mass ratio of any fuel, since hydrogen is the lightest 

element. Specifically, the amount of energy liberated during the reaction of hydrogen, on 

a mass basis, is about 2.5 times the heat of combustion of common hydrocarbon fuels. 

The energy density of a fuel is also affected by whether the fuel is stored as a liquid or as 

a gas, and if as gas it depends on the pressure. On this basis, hydrogen energy density is 

low because of its very low density. 
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As mentioned previously, hydrogen is a colourless, odourless, and tasteless gas at 

standard temperature and pressure (STP). For this reason, any leaks are difficult to 

detect by human senses. Unfortunately, compounds such as mercaptans (normally used 

as the odorants to detect leaks of natural gas) cannot be added to hydrogen systems, as 

they will contaminate (‘poison’) the fuel cells. In addition, due to the smaller size of 

hydrogen molecules compared to those of known odorants, hydrogen can migrate/leak 

through openings, the size of which is not sufficient for the odorants to pass through. 

Hydrogen tends to move away from the source of leak faster than the odorants due to its 

buoyancy/high dispersion coefficient.  

Hydrogen is a non-toxic, non-corrosive, and a flammable compound. However, hydrogen 

can cause asphyxiation by diluting oxygen in the air below the concentration levels 

necessary to support life. 

Gaseous hydrogen (GH2) is 14 times lighter than air (the vapour density of hydrogen is 

1; the vapour density of air is 14), which means it will rise and diffuse rapidly upon a 

release into the air. Hydrogen is widely used as a reducing agent in a range of chemical 

processes. Although hydrogen is non-corrosive and non-reactive at standard conditions, it 

can reduce mechanical strength of some materials through a variety of interaction 

processes commonly referred to as hydrogen embrittlement. 

Liquid hydrogen (LH2) is a colourless, odourless, non-corrosive, and not a very reactive 

liquid. It is a cryogenic fluid (fluids with temperatures below -73°C are known as 

cryogenic). Any liquid hydrogen splashed on to the skin or in the eyes can cause serious 

burns by frostbite or hypothermia. LH2 will rapidly boil or flash to a gas if exposed to or 

spilled into an environment with normal temperature. Warming LH2 to ambient 

temperature can lead to very high pressures in confined spaces. Inhalation of cold 

vapours may lead to respiratory discomfort and asphyxiation. 

The volumetric ratio of LH2 to GH2 is 1:848, as illustrated below. 
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Volumetric expansion of liquid hydrogen to gaseous hydrogen at NTP 

 

 

The figure above shows that LH2 expands approximately 850 times upon conversion to a 

gas at normal temperature and pressure (NTP). NTP is defined as air at 20°C (293.15 K, 

68°F) and 1 atmosphere (101.325 kPa); thus, it is stored at relatively low pressures in 

double-walled, vacuum insulated containers. It has the lowest density of any liquefied 

gas. Unlike for propane, the compression of gaseous hydrogen does not liquefy it. 

Therefore, the LH2 phase is absent in gaseous hydrogen storage vessels, and in the case 

of fire, the risk of Boiling Liquid Expanding Vapour Explosion (BLEVE) is absent. GH2 

storage vessels are also equipped with pressure relief devices (PRDs) to allow a 

controlled venting of hydrogen gas. 

 

The normal boiling point (NBP, at the absolute pressure of 101.325 kPa) of hydrogen is 

20.3 K (-252.9 °C). The normal melting point is 14.1 K (-259.1 °C) at 101.325 kPa.  

Among all the substances, hydrogen has the second lowest boiling and melting points 

(only helium has lower values: boiling temperature of 4.2 K and melting temperature of 

0.95 K). All these temperatures are extremely low and below the freezing point of air. It is 
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worth mentioning that at the absolute zero temperature of 0 K (-273.15 °C), which is the 

lowest temperature in the universe, all molecular motion stops. Due to such low 

temperatures, vents and valves on LH2 storage vessels may be blocked with 

accumulations of ice formed from the moisture present in the air. The excessive pressure 

may then rupture the container and release hydrogen, which highlights the danger of 

hydrogen if safety precautions are not properly implemented. 

 

The continuous evaporation of LH2 in a vessel generates GH2, which must be vented to a 

safe location or temporarily confined safely. When gaseous hydrogen is warmed from the 

NBP to NTP its volume increases. For storage vessels with a fixed volume the phase 

change from LH2 →GH2 and associated temperature rise (from NBP to NTP) will result in a 

pressure increase from 0.1 MPa to 177 MPa. This can lead to an over-pressurisation of 

the vessel or penetration of the liquid hydrogen into transfer and vent lines (should be 

accounted for during design of storage tanks). That is why safety valves needed to be 

installed on the storage vessels.  This will be discussed in Unit 2 of this Hydrogen 

Module. 

 

Gaseous hydrogen has a density of 0.0838 kg/m3 (at NTP), which is more than 14 times 

lower than that of air (1.205 kg/m3) at the same conditions. The specific gravities of 

hydrogen and air at NTP are 0.07 and 1.0, respectively (see Figure below). Therefore, 

hydrogen gas is lighter than air, and in ambient conditions it will rise and disperse in an 

open environment. As for other fuels, propane and petrol vapour are heavier than air, 

whilst methane, i.e., natural gas, is 2 times lighter than air but almost 8 times heavier than 

hydrogen gas. 
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The low vapour density of hydrogen results in the gas being very buoyant compared to 

other compounds. In fact, hydrogen has the highest buoyancy on the Earth. This is the 

main hydrogen safety asset, i.e., in case of hydrogen releases, it will rise and disperse 

rapidly. The unwanted consequences of hydrogen releases into the open atmosphere and 

in partially confined spaces (with no accumulation of hydrogen) are drastically reduced by 

buoyancy. The heavier hydrocarbon-based fuels can form rather large combustible 

clouds, potentially leading to disastrous explosions. In enclosed spaces, leaking hydrogen 

will accumulate in the ceiling pockets, potentially creating an explosive mixture.  

Ventilation systems should be designed to prevent such accumulations. In many real-life 

situations hydrocarbons may pose more severe fire and explosion hazards than 

hydrogen. 

Pure hydrogen is positively buoyant above the temperature of 22 K (-251.15⁰ C), i.e., over 

almost the whole temperature range of its gaseous state. The buoyancy provides 

comparatively fast dilution of released hydrogen by surrounding air below the lower 

flammability level. Gaseous hydrogen’s high buoyancy affects its dispersion considerably 

more than its high diffusivity.  However, hydrogen vapours at cryogenic temperatures act 

differently. Saturated hydrogen vapour is heavier than air and will remain close to the 

ground until the temperature rises; therefore, cold dense hydrogen gases produced by 

LH2 spills will not rise. 

 



   

MICROGRIDS KA2 Project   

 22 

 

 

Coefficients of diffusion for hydrogen and hydrocarbon fuels 

 

Diffusivity is the rate of diffusion or the rate at which particles or heat or fluids can spread. 

The diffusivity of hydrogen is higher compared to other fuels due to the small size of its 

molecules. The diffusion coefficient of hydrogen in air ranges from 6.1x10-5 m2 /second 

(0.610 cm2 /second) to 6.8x10-5 m2 /second (0.680 cm2 /second).  Hydrogen diffusivity is 

greater than that of helium and approximately 3 times that of nitrogen in air at ambient 

conditions. GH2 also readily diffuses through solids. This diffusion process should not be 

overlooked in the hazard assessment of accidental release of hydrogen in enclosure 

spaces. 
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The auto-ignition temperatures of hydrogen and other fuels 

 

The auto-ignition temperature is the minimum temperature required to initiate self-

sustained combustion in a combustible fuel mixture in the absence of a source of ignition. 

In other words, the fuel is heated until it bursts into flame. Each fuel has a unique ignition 

temperature. 

Hydrogen is very easily ignited. Ignition sources include mechanical sparks from rapidly 

closing valves, electrostatic discharges in ungrounded particulate filters, sparks from 

electrical equipment, catalyst particles, heating equipment, lightning strikes near the vent 

stack, etc. Therefore, ignition sources must be eliminated or isolated in appropriate way 

and any operations should be conducted as if unforeseen ignition sources could occur. 

The auto-ignition temperature is the minimum temperature required to initiate a 

combustion reaction of a fuel-oxidiser mixture in the absence of an external source of 

ignition. The standard auto-ignition temperature of hydrogen in air is above 510°C 

(950°F).  However, objects at temperatures from 500 to 580°C can ignite hydrogen-air or 
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hydrogen-oxygen mixtures at atmospheric pressure. These temperatures are relatively 

high compared to hydrocarbons which have long molecules. 

Hydrogen, propane, and natural gas (methane) have similar auto-ignition temperatures. 

All three fuels have auto-ignition temperatures that are at least twice as high as the auto-

ignition temperature of gasoline (petrol) vapour. 

 

 
The flashpoints for hydrogen and other common fuels 

 

The flashpoint is the lowest temperature, at which the fuel produces enough vapours at its 

surface to form a flammable mixture with air. The flashpoint temperatures for hydrogen 

and other common fuels are summarised in the Table.  

 

The safe gap is the width (determined with a gap length of 25 mm), at which in the case 

of a given mixture composition, a flashback just fails to occur. The flame temperature for 

19.6 vol. % of hydrogen in air has been measured as 2,318 K. An obvious hazard 

resulting from this property is severe burns of persons directly exposed to hydrogen 

flames. The maximum hydrogen flame temperature is 2,400 K. 
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Flammability limits in air for hydrogen and other common fuels 

 

Flammability range is the range of concentrations between the lower and the upper 

flammability limits. The lower flammability limit (LFL) is the lowest concentration, and the 

upper flammability limit (UFL) is the highest concentration of a combustible substance in a 

gaseous oxidiser that will propagate a flame. Hydrogen ignites if its content in the air is 

below the UFL and above the LFL, and if an ignition source is present. The flammability 

range of hydrogen is significantly wider compared to other hydrocarbons, i.e., 4 to 75 vol. 

% in air at NTP. 

The LFL of hydrogen is high compared to most hydrocarbons, as shown in the Table 

below. The near-stoichiometric concentration of hydrogen in air (29.5 vol. %) is much 

higher than that of hydrocarbons (usually only a few percent). At the LFL the ignition 

energy requirement of hydrogen (4.1⁰ C) is similar to that of methane (5.3⁰ C), and weak 

ignition sources such as electrical equipment sparks, electrostatic sparks or sparks from 

striking objects typically involve more energy than is required to ignite these flammable 

mixtures 
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Comparison of flammability and explosive indices for hydrogen and other fuels 

 

 

Compared to other fuels hydrogen is the most prone to spontaneous ignition during 

sudden releases to air by the so-called diffusion mechanism, when high temperature air, 

heated by a shock, mixes with cold hydrogen at the contact surface between these two 

gases and chemical reactions can be initiated, when critical conditions are reached. 

Indeed, sudden hydrogen releases into piping filled with air, after a safety burst disk 

ruptures, can be spontaneously ignited at pressures as low as about 2 MPa. On the other 

hand, the standard auto-ignition temperature of hydrogen in air is above 520⁰ C, which is 

higher than for hydrocarbons. 

For electrolysers or fuel cells, incidents or accidents may lead to the formation of a 

flammable hydrogen-oxygen mixture and therefore it is important for first responders to 

know its flammability range. The flammability range for hydrogen-oxygen mixtures at NTP 

is from 4 to 95 vol. %. The flammability limits of hydrogen-oxygen mixtures also depend 

on the pressure as shown in the Table below.  The flammability range of hydrogen-

oxygen mixtures narrows for pressures in the range 1-20 bar; at pressures higher than 20 

bar both LFL and UFL increase. 
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The effect of pressure on flammability limits (at 20 and 80⁰ C) of hydrogen-oxygen 
mixtures 

 

 

Detonability limits 

 

 

Detonability range for hydrogen and other common fuels 
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Detonation is the worst-case scenario for an accident involving hydrogen. Hydrogen has a 

wider detonability range compared to other fuels (see Figure below). The diagram shows 

the upper and lower detonation limits for four fuels, with hydrogen showing the widest 

detonability range between 18 and 59 vol. % of hydrogen in air. 

Hydrogen’s detonability range is narrower than and within the flammability range of 4-75 

vol. %. The LFL is a critical parameter for first responders. The flammable gas monitors 

will trigger when the hydrogen concentration reaches 25% of the LFL (i.e., 1 vol. %), and 

that’s all firefighters should be concerned with. First responders should know that 

hydrogen in air is flammable from 4 to 75 vol. %, and that if it accumulates in a confined 

space, an explosion could occur. First response is based on the potential for explosions 

to occur within the entire flammability range and therefore first responders will be acting 

conservatively and responding in a safe manner. 

 

Net Calorific Value (Lower Heating Value) 

Hydrogen has the highest heating value per unit of mass (120 MJ/kg) and lowest per unit 

volume (10.8 MJ/m3). In transport, hydrogen has to be stored as a gas under pressure or 

must be liquefied to provide a competitive vehicle driving range. This has obvious safety 

implications, which will be discussed in Unit 2 of this Module.   

A summary of the main physical parameters is presented in the Table below. 



   

MICROGRIDS KA2 Project   

 29 

 

 

Source: h2tools.org 

 

A summary of other properties of hydrogen gas is shown below in the Table below. 
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Source: Hydrogen Tools (https://h2tools.org/tools) 
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1.2 Hydrogen production 

 

Video: What is green hydrogen vs. blue hydrogen and why it matters 

https://www.cnbc.com/2022/01/06/what-is-green-hydrogen-vs-blue-hydrogen-and-why-it-

matters.html 

 

Today most hydrogen produced and used in the UK and globally is high carbon, coming 

from fossil fuels with no carbon capture; only a small fraction can be called low carbon. At 

present, roughly 95% of worldwide hydrogen production comes from fossil fuels. For 

hydrogen to play a part in the global journey to net zero, all current and future production 

will need to be low carbon. 

 

Hydrogen pathway to global Net Zero by 2050 

Achieving global net-zero emissions by 2050 will require about 306 million tonnes of 

green hydrogen derived from renewable energy each year, according to the International 

Energy Agency (IEA) report, Net Zero by 2050 – A Roadmap for the Global Energy 

Sector. This IEA study, which sets out the steps needed to get the world to net-zero 

emissions by mid-century, also says that 197.6 million tonnes of blue hydrogen would be 

required annually, derived from natural gas or coal with carbon capture and storage 

(CCS). A further 16 million tonnes of low-carbon electrolytic hydrogen would be also 

produced annually from electrolysis powered by nuclear power and fossil-fuel power 

plants with CCS.  In total, the report says, 520 million tonnes of renewable and low-

carbon hydrogen would be used across a wide range of industries. By comparison, only 

87 million tonnes of largely grey hydrogen were produced from unabated natural gas and 

coal in 2020, mainly for use in the chemicals and oil refining sectors.  The IEA projections 

would require massive annual growth rates between now and 2050. 

In a 2021 report by the Hydrogen Council - Hydrogen for Net-Zero, it states that “From 

now through 2050, hydrogen can avoid 80 gigatons (GT) of cumulative CO2 emissions. 

With annual abatement potential of 7 GT in 2050, hydrogen can contribute 20% of the 
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total abatement needed in 2050. This requires the use of 660 million metric tons (MT) of 

renewable and low carbon hydrogen in 2050, equivalent to 22% of global final energy 

demand”, as shown in the Figure below.  660 MT is somewhat higher than the 520 MT 

annual requirement for renewable and low-carbon hydrogen stated in the IEA Report to 

achieve net zero by 2050. Nevertheless, it does highlight the challenge in ramping up 

global hydrogen production from current production levels of approx. 90 MT annually. 

  

 

Source: Hydrogen for Net-Zero (Hydrogen Council, 2021) 

Global hydrogen demand by segment until 2050 



   

MICROGRIDS KA2 Project   

 33 

 

 

Source: Hydrogen for Net-Zero (Hydrogen Council, 2021) 

Global hydrogen supply by production method to 2050 

 

 

CCUS: carbon capture, utilization, and storage; SMR: steam methane reforming; ADG: anaerobic digester gas; STCH: solar 
thermochemical hydrogen; PEC: photoelectrochemical (Source: Energy.gov) 

Hydrogen production pathways 
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Currently, most hydrogen in the world is produced by large-scale natural gas reforming 

without carbon capture and storage (known as ‘Grey Hydrogen’). This established 

technology has been shown to be the most cost-effective method of production; however, 

the new goal in a decarbonised economy is to reach the cost target via low-carbon 

pathways. To produce hydrogen economically and via net-zero-carbon pathways, 

research and development is continuing to investigate a wide range of technologies. 

In the near- and mid-term, electrolysis pathways (where electricity is used to split water 

into hydrogen and oxygen) are anticipated to become more cost competitive.  In the mid- 

to long-term, innovative approaches, such as those using waste streams and others 

based on solar energy, are expected to become viable.  

 

Hydrogen within the future Northern Ireland economy 

In a local Northern Ireland context, ‘The Path to Net Zero Energy’ states that 

“Decarbonising energy means achieving so much more than carbon reductions. We can 

continue to be world leaders in integrating renewable electricity generation and we can 

become world leaders in the new hydrogen economy”. This Path to Net Zero Energy is 

the Energy Strategy for Northern Ireland. The NI Executive has set out a long-term vision 

of net zero carbon and affordable energy for Northern Ireland. This will lead to the highest 

levels of energy efficiency, thus reducing the amount of energy needed, whilst making 

sure the energy used comes from clean renewable sources. There are two targets to 

drive these changes:  

1. Energy Efficiency: Deliver energy savings of 25% from buildings and industry 

by 2030; and  

2. Renewables: Meet at least 70% of electricity consumption from a diverse mix of 

renewable sources by 2030. 

 

One of the key policies of the Northern Ireland Executive is to create a Hydrogen Centre 

of Excellence in research and innovation and realise hydrogen as a substantial 

opportunity for Northern Ireland. 
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Hydrogen priority for research and innovation in NI 

 

Some of key initiatives to advance hydrogen penetration into NI’s economy are 

highlighted in the Figure below.  Increasing the levels of renewable electricity for green 

hydrogen production is seen as an important factor in making the electricity system more 

flexible. 
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Hydrogen Proposition for Northern Ireland 
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An Energy Transition Model built specifically for Northern Ireland has been used to predict 

possible future energy system scenarios. In a Power Play scenario, there is a large 

reliance on the success of Northern Ireland’s renewable electricity sector.  A Flexible Fit 

scenario takes greater account of regional differences in Northern Ireland and includes 

higher levels of both local involvement and local responses to the energy transition. 

Although electrification remains at the centre of the energy system, there is greater use of 

fuels such as hydrogen and bio-fuels. 

 

 

Characteristics of Illustrative Future Energy Scenarios in 2050 

 

Both long-term scenarios illustrate a significant drop in final energy demand and a much 

greater proportion of our energy coming from electricity. There is growth in zero-carbon 

gases in both scenarios, although Flexible Fit sees higher levels of gasification in the form 

of green gas and hydrogen.  Another significant change is in our use of oil for heating and 

transport: in 2018 this was 60% of final energy demand, by 2030 it falls to 47% and in 

2050 represents only 3% of final energy demand in these scenarios. 
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Final Energy Demand in NI by Scenario to 2050 
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Production of hydrogen by Steam Methane Reforming (SMR)  

 

 

Hydrogen Plants (2 x 5,000 Nm3 /hr) at Air Liquide, Belgium 

 

There are almost no abundant natural sources of pure hydrogen, which means that it has 

to be manufactured. The most common production route globally is steam methane 

reformation (SMR), where natural gas is reacted with steam to form ‘grey hydrogen’. This 

is a carbon-intensive process, but one which can be made low carbon through the 

addition of carbon capture, usage and storage (CCUS) – to produce a gas often called 

‘blue hydrogen’ 

SMR is a mature production process in which high-temperature steam (700°C–1,000°C) 

is used to produce hydrogen from a methane source, such as natural gas. During SMR, 

methane reacts with steam under 3–25 bar pressure (1 bar = 14.5 psi) in the presence of 

a catalyst to produce hydrogen, carbon monoxide, and a relatively small amount of 

carbon dioxide. Steam reforming is endothermic, i.e., heat must be supplied to the 

process for the reaction to proceed. 

Subsequently, in what is called the "water-gas shift reaction," the carbon monoxide and 

steam are reacted using a catalyst to produce carbon dioxide and more hydrogen. In a 
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final process step called "pressure-swing adsorption," carbon dioxide and other impurities 

are removed from the gas stream, leaving essentially pure hydrogen. Steam reforming 

can also be used to produce hydrogen from other fuels, such as ethanol, propane, or 

even gasoline. 

Steam-methane reforming reaction 

CH4 + H2O (+ heat) → CO + 3H2 

Water-gas shift reaction 

CO + H2O → CO2 + H2 (+ small amount of heat) 

 

Production of hydrogen by Partial Oxidation 

In partial oxidation, the methane and other hydrocarbons in natural gas react with a 

limited amount of oxygen (typically from air) that is not enough to completely oxidise the 

hydrocarbons to carbon dioxide and water. With less than the stoichiometric amount of 

oxygen available, the reaction products contain primarily hydrogen and carbon monoxide 

(and nitrogen, if the reaction is carried out with air rather than pure oxygen), and a 

relatively small amount of carbon dioxide and other compounds. Subsequently, in a 

water-gas shift reaction, the carbon monoxide reacts with water to form carbon dioxide 

and more hydrogen. 

Partial oxidation is an exothermic process, i.e., it produces heat. The process is, typically, 

much faster than steam reforming and requires a smaller reactor vessel. As can be seen 

in chemical reactions of partial oxidation, this process initially produces less hydrogen per 

unit of the input fuel than is obtained by steam reforming of the same fuel. 

 

Partial oxidation of methane reaction 

CH4 + ½O2 → CO + 2H2 (+ heat) 

Water-gas shift reaction 
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CO + H2O → CO2 + H2 (+ small amount of heat) 

Why Is This Pathway Being Considered? 

Reforming low-cost natural gas can provide hydrogen today for fuel cell electric vehicles 

(FCEVs) as well as other applications. Over the long term, the Department of Energy 

(DOE) in the US expects that hydrogen production from natural gas will be augmented 

with production from renewable, nuclear, coal (with carbon capture and storage), and 

other low-carbon, domestic energy resources. 

Petroleum use and emissions are lower than for petrol-powered internal combustion 

engine vehicles. The only product from an EV tailpipe is water vapour but even with the 

upstream process of producing hydrogen from natural gas as well as delivery and storage 

for use in EVs, the total greenhouse gas (GHG) emissions are halved, and petroleum is 

reduced by over 90% compared to today's petrol vehicles. 

 

Production of hydrogen by Water Electrolysis  

Water electrolysis is a process whereby water is split into hydrogen and oxygen using 

electrical energy – gas from this process is often referred to as ‘green hydrogen’ or zero 

carbon hydrogen when the electricity comes from renewable sources. 

YouTube video: Electrolysis of water 

https://www.youtube.com/watch?v=vFR9zUGt2C4 

https://www.youtube.com/watch?v=vFR9zUGt2C4
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  5:40 

 

The process of water electrolysis can be illustrated in the following equation:  

H2O → H2 + ½ O2. 

This process occurs in an electrolyser that converts electrical energy into chemical energy 

and can be seen as a device opposite to a Fuel Cell.  Electrolysers consist of an anode 

and a cathode separated by an electrolyte.  

The electricity can originate from different sources and depending on that the electrolysis 

can either be with or without carbon dioxide (CO2) emissions. If the electricity is produced 

from renewable sources (wind, hydroelectric, solar or tidal energy) no CO2 will be emitted.  

However, if it is produced from fossil fuels, then CO2 is emitted (though distantly) as a 

result of hydrogen production. The gaseous hydrogen produced is very pure and can be 

utilized either immediately or stored for a later use. The electrolysers’ capacities range 

from less than 500 m3 /h to more than 20,000 m3 /h. The electrolyser contains two 

electrodes (positive and negative), water and an electrolyte, i.e., a substance containing 

free ions that make this substance an electrical conductor. The decomposition of water 

takes place when the electric current passes between two electrodes within the 

electrolytic cell. Hydrogen is produced at the negative electrode (cathode) and oxygen is 

formed at the positive electrode (anode). 
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There are a number of different types of electrolysers, which function in different ways, 

mainly due to the different type of electrolyte material involved and the ionic species it 

conducts.  These include Polymer Electrolyte Membrane (PEM), Alkaline and Solid Oxide 

electrolysers. 

The diagram below shows the chemical reactions that take place within an electrolyser. 

 

Source: Energy.gov - Hydrogen and Fuel Cell Technologies Office 

How water electrolysis produces hydrogen and oxygen 

 

In a PEM electrolyser, the electrolyte is a solid specialty plastic material.  The process 

works as follows: 

● Water reacts at the anode to form oxygen and positively charged hydrogen ions 

(protons). 

● The electrons flow through an external circuit and the hydrogen ions selectively 

move across the PEM to the cathode. 

● At the cathode, hydrogen ions combine with electrons from the external circuit to 

form hydrogen gas.  
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Anode Reaction:  2H2O → O2 + 4H+ + 4e-  

Cathode Reaction:  4H+ + 4e- → 2H2 

 

Electrolysers will be discussed in more detail later in this module. 

1.3 Different categories of hydrogen 

Hydrogen can be produced by various methods, and as such, gives rise to different 

categories of hydrogen. These are coloured coded depending on the production method, 

as shown in the Table below.    

 

Colour Process Impact 

Green 

Hydrogen 

Electrolysis, using renewable 

energy (wind, solar etc.) to split 

water into its component parts (H2 

+ O2). 

No carbon emissions, ability to 

“store” surplus electricity from 

renewable sources. 

Yellow 

Hydrogen 

As above, using nuclear power 

instead of renewable energy. 

Low carbon emissions, ability to 

“store” surplus electricity. 

Brown 

Hydrogen 

Gasification, using 

coal/biomass/waste to heat water 

and break it down. Also known as 

“town gas”. 

Along with the component parts of 

water, other harmful elements are 

produced: carbon dioxide (CO2), 

carbon monoxide (CO), methane 

(CH4), and ethylene (C2H4). 

Grey 

Hydrogen 

Steam Methane Reforming (SMR), 

using methane to heat water and 

break it down. 

As above, produces other harmful 

elements: CH4 and CO2. 

Blue SMR and carbon capture, use and Grey hydrogen but with carbon 
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Colour Process Impact 

Hydrogen storage (CCUS). capture so it is seen as a lower 

carbon option. 

Turquoise 

Hydrogen 

Using Molten Metal Pyrolysis, 

natural gas is passed through a 

molten metal that releases 

hydrogen and solid carbon. 

Solid carbon can be used for 

industrial applications, so it is seen 

as a lower carbon option. 

 

Grey hydrogen 

At present, approx. 98% of hydrogen in the world is produced by large-scale natural gas 

reforming without carbon capture and storage.  This type of hydrogen is known as ‘Grey 

Hydrogen’. 

 

 

Source: https://ukphc.org.uk/wp-content/uploads/UKPHC20-Chris-Twinn-Can-Hydrogen-Help.pdf 

 

Green hydrogen 
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The impact that hydrogen will have on decarbonisation and its future role in the energy 

transition will depend on how it is produced. One of the most important challenges for 

decarbonisation will be the transition from the production of grey hydrogen (from Steam 

Methane Reforming) to green hydrogen (from Electrolysed water using renewable 

energy), in order to meet the European targets set for the 2050 strategy. 

 

Source: https://www.atco.com/content/dam/web/projects/projects-overview/hydrogen/hydrogen-

types.pdf 
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Source: https://ukphc.org.uk/wp-content/uploads/UKPHC20-Chris-Twinn-Can-Hydrogen-Help.pdf 

Green hydrogen is produced from renewable energy sources such as wind and solar, 

following the process of electrolysis, through which, thanks to electricity, water molecules 

are split into molecules of oxygen and hydrogen. Although it now accounts for only 5% of 

the total production in Europe, green hydrogen is considered a key element in the energy 

transition, because it does not generate CO₂ emissions. 

 

YouTube Video: What is Green Hydrogen 

https://www.youtube.com/watch?v=gEByrL5a27c 

 2:11 

 

https://www.youtube.com/watch?v=gEByrL5a27c
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YouTube Video: What Is Green Hydrogen and Will It Power the Future? 

https://www.youtube.com/watch?v=aYBGSfzaa4c&t=4s 

 15:25 

According to the report published by IRENA, the International Renewable Energy Agency, 

green hydrogen could be key in decarbonising sectors of the economy such as energy-

intensive industries, the chemical and commercial transportation sectors, as well as 

aviation and shipping, which are still highly polluting. In addition, electrolysers that 

harness electricity generated from renewable sources, and stored hydrogen, could add 

flexibility on the supply and demand side of energy, facilitating the penetration of more 

wind and solar into the grid.  

Blue hydrogen 

Blue hydrogen is derived from natural gas through the process of steam methane 

reforming (SMR).  The carbon dioxide emissions produced are then captured and stored 

underground using Carbon Capture, Utilization and Storage (CCUS) technology leaving 

nearly pure hydrogen. Blue hydrogen is sometimes described as ‘low-carbon hydrogen’ 

as the steam reforming process doesn’t actually avoid the creation of greenhouse gases. 

 

Shell has stated that they believe that “although green hydrogen (from the electrolysis of 

water using renewable power) is likely to be a long-term solution, analysts suggest it may 

not achieve cost parity with blue hydrogen, which is produced from natural gas with 

applied carbon capture and storage (CCS) technologies, until about 2045” (Shell.com). 

 

https://www.youtube.com/watch?v=aYBGSfzaa4c&t=4s
https://www.irena.org/
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Video: The Shell Blue Hydrogen Process 

https://www.shell.com/business-customers/catalysts-technologies/licensed-

technologies/refinery-technology/shell-blue-hydrogen-process.html 

 

YouTube Video: Shell Hydrogen animation 

https://www.youtube.com/watch?v=1DyYGa2GzCg 

 

 

 

 

https://www.shell.com/business-customers/catalysts-technologies/licensed-technologies/refinery-technology/shell-blue-hydrogen-process.html
https://www.shell.com/business-customers/catalysts-technologies/licensed-technologies/refinery-technology/shell-blue-hydrogen-process.html
https://www.youtube.com/watch?v=1DyYGa2GzCg
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https://www.atco.com/content/dam/web/projects/projects-overview/hydrogen/hydrogen-types.pdf 

 

 

Source: https://ukphc.org.uk/wp-content/uploads/UKPHC20-Chris-Twinn-Can-Hydrogen-Help.pdf 
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Carbon capture  

Air Liquide has developed an innovative cold capture system (Cryocap™) that captures 

the CO₂ released during the steam methane reforming (SMR) process through a 

cryogenic process. A world first in this field, this technology could also improve efficiency, 

leading to increased hydrogen production. After purification, the captured CO₂ can be 

used to meet a variety of industrial needs for carbonic gas (carbonation of sparkling 

beverages, food preservation, freezing, etc.). 

The first Cryocap™ unit - installed in Port Jérôme, France, where hydrogen is produced 

for the neighbouring refinery - has an annual capture capacity of 100,000 tonnes of CO₂. 

 

 

 

 

1.4 Hydrogen as an energy carrier 

Hydrogen is an energy carrier and not a source of energy. It can be produced from a wide 

variety of energy sources. Historically, hydrogen has been predominantly produced from 

fossil sources. In a low-carbon energy future, hydrogen offers new pathways to valorise 

renewable energy sources.   

Hydrogen does not exist freely in nature and therefore must be produced from other 

sources of energy and is therefore referred to as an energy carrier.  An energy carrier 

is a substance (fuel) that contains energy that can be later converted to other forms such 

as mechanical work or heat or to operate chemical or physical processes. Energy 

carriers include electricity and heat as well as solid, liquid and gaseous fuels, including 

hydrogen. 

  

https://www.airliquide.com/fr/innovation-connectee/cryocaptm-solution-cryogenique-captage-co2-unique-au-monde
https://www.airliquide.com/fr/innovation-connectee/cryocaptm-solution-cryogenique-captage-co2-unique-au-monde
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Source: U.S. Department of Energy and NREL Hydrogen and Fuel Cells Program 

 

 

Energy carriers allow the transport of energy in a usable form from one place to 

another.  Hydrogen, like electricity, is an energy carrier that must be produced from 

another substance. Hydrogen can deliver or store a tremendous amount of energy. 

Hydrogen can be used in fuel cells to generate electricity, or power and heat. Today, 

hydrogen is most commonly used in petroleum refining and fertiliser production, while 

transportation and utilities are emerging markets. 

Currently, most hydrogen is produced from fossil fuels, specifically natural gas (methane). 

Electricity from the grid or from renewable sources such as biomass, geothermal, solar, or 

wind is also currently used to produce hydrogen. In the longer term, solar energy and 

biomass can be used more directly to generate hydrogen as new technologies make 

alternative production methods cost competitive. 
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Source: DOE Fuel Cell Technologies 

Office 

 

 

Case studies - Hydrogen as an energy carrier in Northern Ireland 

 

Northern Ireland has world-leading levels of wind energy; however, when wind generation 

exceeds electricity demand, the output from wind turbines is ‘dispatched down’ – turned 

off. In 2020, 15% of NI’s available wind energy, with a retail value of over £80m, was 

dispatched down (Energy Strategy – The Path to Net Zero Energy).  There is a real 

opportunity to utilise this ‘dispatched down’ potential energy and convert it into hydrogen 

using high pressure electrolysers.  Additionally, the oxygen generated can also be utilised 

in industry, such as in waste water treatment facilities.  

 

Major projects are currently in development to bring hydrogen more and more into the 

future energy mix in what are called Power-to-X Projects. The Belfast Power-to-Gas 



   

MICROGRIDS KA2 Project   

 54 

 

project is one project that plans to utilise both captive Solar PV and night wind energy to 

produce hydrogen and oxygen.  Furthermore, it will also capitalise on the heat produced 

from the electrolysis process for local district heating systems.  The project in 

development by B9 Energy is summarised in the Figure below.  

 

 
Source: B9 Energy 

 
 
Future projects are being planned that will utilise ‘dispatched down’ power from offshore 

wind farms to add capacity to the existing onshore infrastructure and potentially boost 

hydrogen generation using large capacity electrolysers located adjacent to electricity 

interconnectors.  The hydrogen produced can be stored indefinitely as an energy carrier 

until such times as it is most economically beneficial to generate electricity using fuel 

cells.  In this way, hydrogen can be used for balancing energy systems - storing energy 

when demand is low (at night) and generating energy when supply is high (peak loads 

during daytime).        

 

Northern Ireland is well-positioned to accelerate hydrogen innovation and deployment, 

with its significant wind resource, modern gas network, interconnection to Ireland and 

Great Britain, availability of salt cavern storage and strong reputation for engineering and 

manufacturing. Northern Ireland Water will be procuring a new electrolyser for one of its 
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waste water treatment works – the first project of its kind in the UK. The public transport 

operator, Translink, is introducing new hydrogen buses built by local company Wrightbus 

in Ballymena and is procuring a new hydrogen fuelling station. The GenComm project led 

by Belfast Metropolitan College has received funding from both the EU and UK 

Government to trial hydrogen production via electrolysis for hydrogen buses. The 

Department for the Economy is currently consulting on policy options for a new Energy 

Strategy, including on hydrogen, which will set out Northern Ireland’s energy focus and 

direction to 2050 and is expected to be published at the end of the year 

 

Hydrogen is also being used in transport in Northern Ireland.  In 2020, Translink 

introduced 3 hydrogen fuel cell electric buses as part of their programme to transition to 

zero emission vehicles.  See the Case Study below.  
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Source: Energy Strategy – The Path to Net Zero Energy 

 

 

  



 

 

 
 
 
 

Microgrids KA2 - IO2: Training Course on 
Hydrogen Microgrid Systems 

 

Unit 4.2 – TYPES OF HYDROGEN STORAGE 

 

 
 

In this training course, students will be able to understand the basics of hydrogen as an 
energy carrier, how it is produced and stored and its application and integration into an 
isolated or grid-connected solar and/or wind generation microgrid system. 
 

 
Source: TWI Global (https://www.twi-global.com/) 
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Introduction 

 
This Training Course has been developed as an output of the ERASMUS+ KA2 

MICROGRIDS project, developed by SOMORROSTRO, DELTION, SOUTH WEST 

COLLEGE and USURBIL VET SCHOOL.  
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Learning outcomes and assessment criteria 

 

Types of hydrogen storage systems, appropriate materials, key safety 

issues around hydrogen storage and transport 

 
Assessment criteria: 
 

a. The different methods of storing hydrogen have been distinguished 
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b. Consideration has been given to appropriate materials for hydrogen 

storage system 

c. Storage and onward distribution of hydrogen has been considered 

(storage in a tank, underground storage, connection to gas pipeline) and 

subsequent transportation.  

d. Consideration has been given to awareness of Safety Codes and 

Regulations regarding hydrogen storage. 

 

 

 

 

 

 

 

 

 

 

 

 

Basic content 

 

1. TYPES OF STORAGE, MATERIALS USED, KEY SAFETY ISSUES AROUND 

HYDROGEN STORAGE AND TRANSPORT 

Procedural 

- Identification of the different types of hydrogen storage 

systems 

- Identification of appropriate materials for hydrogen storage 
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systems 

- Appropriate storage, distribution and transportation methods 

have been considered 

- Identification of relevant safety codes and regulations on 

hydrogen storage and transport 

Conceptual 

- Different types of hydrogen storage systems 

- Materials used to construct hydrogen storage systems 

- Hydrogen storage, distribution and transportation methods 

(cylinders, tanks, connections to pipelines and transport 

vehicles)  

- Safety Codes and Regulations on hydrogen storage 

Attitudinal 

- Good attitude to learning and work activities    

- Develop autonomy and responsibility to organise and 

manage one’s own work within a planned timeline 

- Willingness to develop one’s own learning tasks and self-

evaluate what has been achieved   

- Independent study and self-motivation to enhance learning 

and skills 

- Attention to the relevant safety codes and regulations  

 
 

 
 
 
 
 
 
 
 
 
 

Content Development 

 

Types of hydrogen storage systems, appropriate materials, key safety issues 

around hydrogen storage and transport 

 

Types of Hydrogen Storage Systems 

 



 
 

MICROGRIDS KA2 Project   Page | 8 
 

Hydrogen Storage and the future renewable energy mix 

 

The European Commission’s perspective on hydrogen is ‘To become climate-neutral by 

2050, Europe needs to transform its energy system, which accounts for 75% of the EU's 

greenhouse gas emissions. The EU strategies for energy system integration and 

hydrogen, adopted today, will pave the way towards a more efficient and interconnected 

energy sector, driven by the twin goals of a cleaner planet and a stronger economy.’ 

 

Hydrogen storage is important if it is to form part of the future renewable energy mix. 

With international efforts to reduce emissions and the use of carbon-based fuels, 

hydrogen fuel cells could help create a greener solution to our power generation needs, 

including powering anything from small electronic devices to vehicles, aircraft and even 

whole buildings. 

 

Another advantage of hydrogen as an energy source is that it can be obtained by 

electrolysis from electricity produced from surplus renewables, at the same time 

allowing hydrogen to fulfil a corresponding energy demand. Alternatively, hydrogen can 

be stored in large quantities for extended periods of time. Unlike with batteries, this 

energy is not lost over time and can therefore be produced and stored on an industrial 

scale as part of a green energy mix. This stored hydrogen can then be retrieved as a 

back-up energy supply when needed. 

 

Hydrogen can also be used as a complementary fuel source alongside batteries in the 

transport sector. The hydrogen system provides the bulk of the energy storage, and a 

small capacity battery will act as a buffer to provide regenerative braking, meet any 

sudden increased power demands and increase the lifetime of hydrogen fuel cells by 

reacting to load changes. This complementary fuel method is already in use for some 

commercially-available vehicles, such as the Honda FCX Clarity hydrogen car. Of 

course, hydrogen fuel cells have already been used safely for decades to provide clean 

power for forklifts that need to operate cleanly in indoor environments. 
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Hydrogen storage is important if it is to be part of our future clean energy solutions, yet 

more research and infrastructure improvements are required for hydrogen to realise its 

full potential. As such, organisations like the United States’ Hydrogen and Fuel Cell 

Technologies Office (HFTO) focus on applied research, development, and innovation to 

advance hydrogen use for transportation and diverse applications. Meanwhile, the 

United States Department of Energy (DOE), amongst other national government energy 

bodies, supports research and development of a range of technologies to produce 

hydrogen economically and in environmentally friendly ways. 

 
 

Types of hydrogen storage systems 

 

Hydrogen can be stored either as a gas or as a liquid. Hydrogen gas storage typically 

requires the use of high-pressure tanks (350-700 bar), while liquid hydrogen storage 

requires cryogenic temperatures to prevent it boiling back into a gas (which occurs at 

−252.8°C). Hydrogen can also be stored on the surface of (adsorption) or within solid 

materials (absorption). 

 

Hydrogen storage is a key enabling technology for the advancement of hydrogen and 

fuel cell technologies in applications including stationary power, portable power, and 

transportation. Hydrogen has the highest energy per mass of any fuel; however, its low 

ambient temperature density results in a low energy per unit volume, therefore requiring 

the development of advanced storage methods that have potential for higher energy 

density. 

 

High density hydrogen storage is a challenge for stationary and portable applications 

and remains a significant challenge for transportation applications. Presently available 

storage options typically require large-volume systems that store hydrogen in gaseous 
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form. This is less of an issue for stationary applications, where the footprint of 

compressed gas tanks may be less critical. 

 

When hydrogen is stored as gas above ground, exceptionally large storage tanks 

operated at high pressure (350 – 700 bar) are required. Hydrogen may also be stored 

underground in caverns, salt domes and depleted oil/gas fields.   Liquid hydrogen 

requires less volume, but the liquefaction process is costly and is more hazardous to 

handle due to the exceptionally low temperature required.  Metal hydride-tank-systems 

are being developed that can store hydrogen at a similar density to liquid hydrogen but 

are still in development.  

 

An illustration of hydrogen storage methods is shown below. 

 

 

https://en.wikipedia.org/wiki/Cave
https://en.wikipedia.org/wiki/Salt_dome
https://en.wikipedia.org/wiki/Oil_field
https://en.wikipedia.org/wiki/Gas_field
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Source: Hydrogen and Fuel Cell Technologies Office (https://www.energy.gov/) 

 

Compressed gas 

 

Hydrogen can be compressed and stored in a gaseous form under high pressures. This 

requires storage tanks capable of withstanding pressures of 350-700 bar. 

 

By way of illustration, one kilogram of hydrogen has a volume of 12 cubic metres at 

NTP (Normal Temperature and Pressure or 1 atm, 20°C) and would fill the cargo hold of 

a large panel van and has the energy equivalent of one gallon of petrol or 33 kWh. 
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1 kg of hydrogen gas has an equivalent volume to the cargo hold of this van 

 

Compressing the hydrogen to 100 Bar reduces the volume to 130 litres equivalent to the 

size of a standard domestic hot water tank. At 700 Bar, the operating pressure of a 

hydrogen vehicle, the volume is reduced to 26 litres. The Toyota Mirai’s two hydrogen 

tanks are 122 litres combined and have a combined weight of 87.5 kg and 5 kg 

capacity.  

 

         Source: Hydrogen Safety Panel 
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Cryogenic Liquid Storage 

 

The liquid volume of 1 kg hydrogen is 15 litres at 1 bar and -252.8 °C, the same volume 

as a typical water cooler bottle.  Storing the same hydrogen in metal hydride requires 17 

litres at 33 Bar and 20°C. 

 

 

 

 

 

 

 

1 kg of hydrogen gas has an equivalent volume to this water cooler bottle 

 

Hydrogen can be stored cryogenically in a liquid form. Low temperatures are required to 

stop the liquid hydrogen from boiling off back into a gas, which occurs at -252.8°C. 

Liquid hydrogen has a higher energy density than gaseous hydrogen but getting it down 

to the required temperatures requires a lot of energy and therefore can be costly. In 

addition, storage tanks and facilities for cryogenic liquid hydrogen storage must be 

insulated to prevent evaporation should any heat be carried into the liquid hydrogen due 

to conduction, convection, or radiation. Despite these challenges, liquid hydrogen is in 
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demand for applications requiring high levels of purity including space travel such as the 

space shuttle missions. 

 

Liquid hydrogen has been demonstrated in commercial vehicles (particularly by BMW), 

and in the future it could also be co-utilised as aircraft fuel, since it provides the best 

weight advantage of any H2 storage. 

 

 

Source: Hydrogen Safety Panel 



 
 

MICROGRIDS KA2 Project   Page | 15 
 

 

Source: Hydrogen Safety Panel 

 

Combined Cold-and-Cryo-Compressed Hydrogen 

 

The storage methods of compression and cryogenic cooling used above can also be 

combined to create a further development of hydrogen storage. In this instance, the 

hydrogen is cooled before being compressed. This creates a higher energy density than 

with compressed hydrogen but, as with cryogenic liquid storage, also requires more 

energy use to achieve. 

 

The energy used for these different types of hydrogen storage equal 9-12% of the 

energy made available for compression (from 1 to 350 or 700 bar) and around 30% for 

liquefaction.  The energy use varies depending on the exact method, quantities and 
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external conditions; however, work is underway to find more economic methods of 

storage with a lower required energy input. 

 

Materials-Based Hydrogen Storage 

 

As well as being compressed as a gas or stored as a liquid, hydrogen can be stored 

using materials. There are three types of hydrogen storage materials; those that use 

adsorption to store hydrogen on the surface of the material; those that use absorption to 

store the hydrogen within the material; and hydride storage, which uses a combination 

of solid materials and liquid.  

 

In adsorption, hydrogen molecules or atoms attach to the surface of the material. In this 

method, the hydrogen attaches itself to materials with high surface areas, including 

microporous organometallic framework compounds (metal-organic frameworks 

(MOFs)), microporous crystalline aluminosilicates (zeolites) or microscopically small 

carbon nanotubes. Hydrogen adsorption to materials in powder form can achieve high 

densities of volumetric storage due to the increased surface area for the sorbent. 

 

In absorption, hydrogen is dissociated into hydrogen atoms that are incorporated into 

the internal solid lattice framework of a material.  

 

Hydride storage can use the reaction of hydrogen-containing materials with water or 

other liquid compounds, like alcohols. This method to store hydrogen, also known as 

‘chemical hydrogen storage,’ sees the hydrogen effectively stored in both the material 

and the liquid. 

 

Metal hydride storage systems work by the hydrogen forming an interstitial compound 

with elemental metals such as palladium, magnesium, and lanthanum, intermetallic 

compounds, light metals like aluminium, or some alloys. These metal hydrides adsorb 

molecular hydrogen onto their surface and then incorporate them in elemental form into 

the metallic lattice with heat output. They can be released again with heat output and 
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these hydrides can absorb large volumes of gas, with palladium, for example, able to 

absorb volumes of hydrogen 900 times that of its own. 

 

Hydrogen can also be chemically bound with a liquid organic hydrogen carrier. These 

chemical compounds have a high capacity for hydrogen absorption and include the 

carbazole derivative N-ethylcarbazole and toluene. 

 

These material-based methods allow large amounts of hydrogen to be stored by 

materials of smaller volume, at lower pressure, and in temperatures close to room 

temperature. Materials based storage can allow for volumetric storage densities greater 

than those for liquid hydrogen. However, materials-based storage is still in development 

as the cost of charging and discharging and processing hydrogen is still deemed to be 

too high as well as time-consuming. 

 

Underground Hydrogen Storage 

 

Salt caverns, exhausted oil and gas fields or aquifers can all provide underground 

hydrogen storage on an industrial scale. Such underground storage sites have been 

used for natural gas and crude oil for years, where they were held to balance supply or 

demand fluctuations or in preparation for a crisis. 

 

Cavern storage is the most expensive of the options, but also the most suitable for 

hydrogen storage. Operational experience of cavern-based hydrogen storage is 

currently limited to a few locations in Europe and the USA. The most common of these 

are depleted underground natural gas stores, which are used as hydrogen reservoirs for 

surplus renewable energy. 
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Gas Grid Hydrogen Storage 

 

As an alternative for underground cavern storage, surplus hydrogen can be fed into the 

public natural gas network to create hydrogen enriched natural gas (HENG). 

 

Hydrogen-enriched town gas or coke-oven gas, with a hydrogen content over of 50% 

volume, was distributed to homes in Germany, the USA and Britain via gas pipelines 

into the 20th Century. The infrastructure used at the time still exists, although it was later 

modified to carry natural gas. 

 

While it is generally accepted that gas with 10% hydrogen content could be introduced 

into the existing natural gas system without causing a negative impact on end users or 

pipeline infrastructure, a number of critical components have been deemed unsuitable 

for use at these levels of hydrogen concentration. 

 

Despite this drawback, it is felt that large quantities of hydrogen gas could be stored in 

this manner by using much of the existing natural gas networks in industrial nations and 

then directly converted back into electricity via hydrogen fuel cells. 

 

Composite tanks  

 

There are several advantages with composite tanks. Their low weight meets key 

targets, and the tanks are already commercially available, well-engineered and safety-

tested, since extensive prototyping experience exists. Standard size tanks are available 

worldwide with specific code for pressures in the range of 350-700 bar. Composite 

tanks do not require internal heat exchanger and may be used for cryogas with extra 

fittings. 

 

An example of a composite tank is in Toyota hydrogen fuel cell vehicles (FCVs), as 

illustrated below. 
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Source: Hydrogen Safety Panel 
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Materials used in hydrogen storage systems 

 

There is a need to retrain qualified and experienced personnel from the fossil fuel 

industries for the hydrogen economy. Furthermore, the public are familiar with fossil 

fuels and it is useful to begin with the critical differences in properties between natural 

gas and hydrogen gas, and liquid natural gas LNG and liquefied hydrogen (LH2).  

 

The choice of storage materials is different from natural gas. In hydrogen systems there 

is the potential for embrittlement of materials, hydrogen permeation, extreme low 

temperatures, and the possibility of electrostatic build-up and discharge.  The higher 

pressures that hydrogen is stored at means the velocity of any hydrogen flow is large 

and the resulting impact and friction can create electrostatic build up on non-grounded 

or insulated materials. Such “charge collectors” may discharge and provide a source of 

ignition for hydrogen (Han, 2013). 

 

Hydrogen embrittlement 

 

A form of stress corrosion cracking, hydrogen embrittlement is the loss of a metal’s 

ductility and subsequent inability to maintain its load bearing capacity due to the 

absorption of hydrogen.  As a result, metal will crack or fracture under stresses less 

than yield strength. The difference between anticipated and actual stresses that lead to 

failure is determined by various factors including the amount of hydrogen absorbed. 

 

Several forces must be in play to create a situation where hydrogen embrittlement is 

present, namely: 

 

1. A susceptible material; 

2. Exposure to hydrogen; and 

3. Stress on the component.  
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Failure due to hydrogen embrittlement cannot happen without the presence of all three. 

 

Hydrogen embrittlement process 

 

Even at room temperature, steel can absorb hydrogen atoms. Once absorbed, the 

atoms recombine to form hydrogen molecules. Over time, these molecules diffuse 

throughout the metal and form bubbles at grain boundaries. The bubbles exert pressure 

which weakens the metal, eventually reducing ductility and tensile strength. 

 

Situations leading to hydrogen absorption 

 

The likelihood of hydrogen absorption can increase with various manufacturing and 

operational processes involving heat. This is due to solubility of hydrogen. When it 

comes to metal hose, welding presents an opportunity for hydrogen absorption. 

Tungsten Inert Gas (TIG) welding on stainless steel doesn’t typically lead to hydrogen 

absorption. Material preparation and post-weld cleaning to remove any residual carbon 

content is a good preventative procedure. 

 

Once in use, hydrogen absorption can occur when a component is exposed to 

chemicals or if it has experienced some kind of corrosion. Premature cracks in metal 

caused by hydrogen embrittlement can be greatly reduced by attention to material 

selection detail. 

 

Preventing hydrogen embrittlement 

 

Thicker materials with higher carbon content are often more likely to experience this 

kind of the stress corrosion. If hydrogen absorption is expected to occur during service, 

lower carbon steels might be considered. Penflex offers L grade stainless steels—like 

316L—in such circumstances. 
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Baking metals is a common means of removing hydrogen during the manufacturing 

process as is avoiding quick changes in temperature that might lead to condensation. 

It’s also important to keep hose assemblies off the ground and protected from exposure 

to chemicals which might lead to corrosion and premature failure. 

The safety-related hydrogen properties for hydrogen storage include its low density, low 

ignition energy, wide flammability range, and potential explosiveness. Table 1 

summarises safety critical hydrogen properties and compares them with those for 

methane and the consequences on safety are highlighted.  

 

Selection of materials 

 

Materials used in the construction of hydrogen systems, including materials used in 

piping, valves and seals, must be carefully selected to account for their deterioration 

when exposed to hydrogen at the intended operating conditions.  

 

The mechanical properties of metals, including steels, aluminium and aluminium alloys, 

titanium and titanium alloys, and nickel and nickel alloys are detrimentally affected by 

hydrogen. Exposure of metals to hydrogen can lead to embrittlement, cracking and/or 

significant losses in tensile strength, ductility, and fracture toughness. This can result in 

premature failure in load-carrying components.  Additionally, hydrogen diffuses through 

many materials, particularly non-metals, due to its small molecular size. Preferred 

materials and materials to avoid are listed below. 
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Source: Hydrogen Tools 
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Table 1. Comparison of safety-related properties for hydrogen and methane 

(MarHySafe JDP, 2021) 
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The density of hydrogen gas at 0.083 kg/m3 is an order of magnitude lighter than air 

1.204 kg/m3. Hydrogen’s high buoyancy can be both an advantage and a hazard, and it 

needs to be considered in designing hydrogen systems. Due to the lower density of 

hydrogen, an outdoor hydrogen gas release will disperse quickly.  However, for a high 

momentum jet with a release rate above a certain value, the gas is driven by its 

momentum, not buoyancy - under these conditions it can build a large gas cloud in a 

similar manner to a natural gas leak. This momentum effect is also relevant inside 

enclosed rooms, where a gas cloud can build up at all locations before it moves 

upwards to the ceiling.  

 

A stoichiometric mixture is one where the amount of fuel is matched with the exact 

quantity of oxygen required for complete combustion with the maximum combustion 

energy being released. A stoichiometric mixture of hydrogen in air contains 29.5 (vol)% 

hydrogen, whereas for natural gas, it is 10 (vol)%. Although hydrogen thus requires a 

larger leak rate that natural gas, the higher pressure that hydrogen is stored ready 

provides high leak rates. Furthermore, an equal hole size gives hydrogen about three 

times the volumetric flow of natural gas in a like-for-like situation due to hydrogen’s low 

viscosity and small molecule size. Due to the wide flammability range of hydrogen, it 

can build a larger flammable cloud compared with methane.  

 

The autoignition temperatures for hydrogen and methane are comparable; hence, there 

are similar ignition probabilities from hot surfaces. While the minimum (spark) ignition 

energy for hydrogen concentrations below 15% is similar to methane, for higher 

hydrogen concentrations, the ignition energy is an order of magnitude lower. Therefore, 

richer hydrogen clouds have a far greater risk of ignition by electrical discharge than 

methane clouds.  

 

When hydrogen burns, the only combustion product is water vapour. Clean hydrogen/air 

mixtures burn with a non-luminous, almost invisible, pale-blue hot flame liberating the 

chemically bound energy as heat (gross heat of combustion). The theoretical maximum 

flame temperature of a premixed stoichiometric mixture of hydrogen in air is as high as 
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2130 °C. Hydrogen flames can reach higher temperatures than other gases, but at the 

same time the radiation heat transfer out from the flame is normally lower. When the 

size of the fire increases, the radiation level also increases. For a large hydrogen fire, 

the radiation levels are comparable with those from hydrocarbon fires, and the flame 

becomes more visible. A hydrogen explosion could be a serious consequence from a 

hydrogen storage leak (and ignition) in an enclosed or semi-open space, and this 

scenario might for certain conditions lead to high explosion overpressures. Estimation of 

hydrogen explosion risk is therefore a key element in hydrogen risk analyses.  

 

Liquid Hydrogen (LH2) 

 

Hydrogen in liquid (cryogenic) form is more energy intensive to store as a liquid 

compared with methane, due to hydrogen’s extremely low boiling point (-253 °C). Since 

hydrogen has a narrow 20ºC temperature range for its liquid-phase it is more 

demanding to maintain hydrogen in the cryogenic liquid phase and to minimize boil-off 

compared with natural gas.  

 

The potential cryogenic effects of a LH2 release need to be considered. Air is composed 

of oxygen and nitrogen which liquefy or even solidify in contact with LH2. As the boiling 

point of nitrogen (77.36 K) is lower than that of oxygen (90.19 K), liquid oxygen is 

concentrated when air is in contact with liquid hydrogen or LH piping, increasing the 

probability of ignition and serious explosion events.  
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Figure 1. Liquid Hydrogen Storage System (MarHySafe JDP, 2021) 

 

 

As hydrogen at 461 kJ/kg has a lower latent heat of vaporisation than liquid natural gas 

(LNG), which is 510 kJ/kg, it needs less energy to evaporate than LNG, and therefore a 

similar size LH2 spray will vaporize more easily and result in less cooling of the 

surrounding environment (e.g., steel) than a comparable LNG spray. Although a pool 

from spill of LH2 is colder than a similar LNG pool, the LH2 evaporates quicker. Fast 

evaporation of leaking LH2 may lead to fast pressure build-up in confined spaces if 

venting is insufficient or ineffective. This needs to be considered in the dimensioning of 

LH2 storage-tank hold space enclosures and related vent systems. 

  



 
 

MICROGRIDS KA2 Project   Page | 28 
 

The following are industrial videos on the safe operation of hydrogen road tankers for 

liquid hydrogen. 

 

YouTube video - Taking the lead in safety – Working with hydrogen 

https://www.youtube.com/embed/HzQ_dtWa6tQ?start=850&feature=oembed 

 

 

Figure 2.  Linde video on the safe handling of hydrogen 

 

 

 

 

 

 

 

 

 

 

 

https://www.youtube.com/embed/HzQ_dtWa6tQ?start=850&feature=oembed
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YouTube video – Intro to cryogenics 

https://www.youtube.com/embed/T-6R5exBUCo?feature=oembed 

 

 

Figure 3. Chart Industries video on Cryogenics 

 

Compressed Hydrogen (CH2) 

 

Figure 4 outlines the system layout for compressed hydrogen gas (CH2) storage. For 

storage of compressed hydrogen, the tank hold space needs to include the following 

items:  

 

● CH2 tank bundle(s), typically 350–700 bar. 

● Fuel lines. 

● Hydrogen vent system (pressure-relief system for the tank bundles). 

● Ventilation system (artificial ventilation to provide continuous air changes to the 

tank hold space). 

● Pressure regulating unit(s). 

● Fire protection system. 

https://www.youtube.com/embed/T-6R5exBUCo?feature=oembed
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● H2 detection system. 

● Safety systems (fire detection, firefighting system, emergency shutdown system). 

● Structural fire protection (insulation towards neighbouring spaces). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Generic block diagram for compressed gas hydrogen (CH2) (MarHySafe 
JDP, 2021) 

 

Transfer of hydrogen from a road tanker may be achieved by pressure balancing, or by 

direct compression of hydrogen gas before transfer to the storage facility.  For pressure 

balancing, the road tanker pressure needs to be higher than that required by the 

receiving vessel. The alternative is to use a booster compressor to increase the 

pressure during transfer.  

 

Metal Hydride Storage 

 

Using metal powder as a medium to store hydrogen has some obvious benefits: the 

same amount of hydrogen gas can be stored in a tank not even half the size compared 

to gas. Additionally, the metal powder-based process works at a lower pressure and is 
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easier to control in terms of temperature levels. In our process, the storage tanks are 

loaded with hydrogen gas at pressure levels below 40 bars. The pelletized metal alloy 

inside the tank reacts with hydrogen and builds metal hydrides. 

 

Loading the tank with hydrogen is an exothermic process, meaning the absorption of 

hydrogen into the metal framework of the tank needs to be cooled and maintained at 

20°C to keep the loading process stable and efficient. 

 

For the unloading or desorption, the tank needs to be heated up to 60°C as the 

chemical reaction to remove hydrogen out of the metal lattice is endotherm. The higher 

the flow of hydrogen into or out of the tank, the more intensive is the chemical reaction. 

To increase the kinetic capacity for quick loading and unloading and for safety reasons, 

thermal management is a key aspect of the metal hydride-tank-system. Double tube 

tanks can assist an optimal heat transfer between the “active” material and the 

cooling/heating media.  
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Figure 5. GKN Powder Metallurgy's storage module consists of eight separately 
controlled storage tanks and can store 133 kWh electric power.  

(https://www.pm-review.com/gkn-showcases-demonstrator-system-for-residential-hydrogen-storage/) 
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Relevant Regulations and Standards 

International hydrogen Standards 

 

Hydrogen has been used throughout the world for a long time as an industrial gas (chip 

manufacture, glass manufacture and cooling gas in power plant generators) and in the 

space industry. Therefore, some standards and codes covering industrial use of 

hydrogen are in place, and some of these may be relevant for the use of hydrogen as 

energy vector to achieve net zero. Standardisation work related to the use of hydrogen 

as fuel in the transport sector is newer, but the regulatory regime for the required 

hydrogen filling stations, and for hydrogen FC vehicles, is becoming established. These 

include standards from the American Society of Mechanical Engineers (ASME) and the 

American Petroleum Institute (API), EU directives and standards as well as ISO and 

IEC standards.   

 

Global standard development organisations such as ISO (International Organisation for 

Standardisation) and IEC (International Electrotechnical Commission) focus on 

developing component standards and generic protocols. International (ISO and IEC) 

component standards are being developed to eliminate global barriers to trade. In this 

way, a hydrogen component (such as a hose) or an assembly (such as a reformer or 

dispenser) can meet the same design and testing criteria and thus can be sold across 

the globe without additional requirements. 

 

Installation requirements of those components or assemblies (for example, separation 

distances) can vary by jurisdiction, but their design and testing requirements should not. 

Since ISO and IEC standards are developed by the broadest spectrum of international 

stakeholders, they become ‘super’ standards. They should thus replace any existing 

similar or analogous national component standards. This consideration has the 

following implications: 

 

● National component standards including those that served as seed documents 

for the development of international standards must be prepared to harmonize 
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their design and testing requirements with the international standards. National 

standards should become harmonized with adopted international standards, 

where the only deviations are references to specific relevant national standards 

and regulations and, when justified, to climatic conditions. 

● National legislation and installation codes should recognise international 

standards or their national harmonised adoptions as the only/preferred listing or 

certification components standards. 

● National installation codes should remove any design and testing requirements 

related to components and assemblies and focus solely on their installation 

requirements. They should also explicitly reference available international 

component standards or their national harmonized adoptions for design and 

testing requirements. 

 

Hydrogen technologies 

 

The ISO (International Organisation for Standardisation) with its Technical Committee 

(TC) 197 is a leading international body for standard documents for hydrogen 

technologies. The secretariat of this TC is held by the Standards Council of Canada 

(SCC). ISO/TC 197 is composed of 20 participating countries, including active 

participation from all the G7 countries, as well as China, Korea, India, Russia, etc. In 

combination with observing members, ISO/TC 197 global participation covers most of 

the biggest world economies.  The scope of ISO/TC 197 is standardization in the field of 

systems and devices for the production, storage, transportation, measurement and use 

of hydrogen. A recently planned and launched project for the development of a three-

standards package for gaseous hydrogen fuelling protocols for hydrogen-fuelled 

vehicles (under the ISO 19885 series) is particularly relevant.  A separate series 

number has been reserved for liquid hydrogen fuelling protocols – ISO 19886. This is 

currently a placeholder for future new work item proposals.  

 

ISO TR 15916 - Basic considerations for the safety of hydrogen systems, gives an 

overview of safety-relevant properties and related considerations for hydrogen. Annex C 
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gives an overview of low-temperature effects of hydrogen on materials, and the 

document also suggests suitable material-selection criteria, including how to consider 

hydrogen embrittlement. 

 

Storage Vessels 

 

● ISO 11114-2. Gas cylinders Compatibility of cylinder and valve materials with gas 

contents — Part 2: Non-metallic materials. 

● ISO 21013-1. Cryogenic vessels Pressure relief accessories for cryogenic 

service —Part 1: Re-closable pressure relief valves. 

● ISO 21013-3. Cryogenic vessels Pressure relief accessories for cryogenic 

service —Part 3: Sizing and capacity determination. 

● ASME VIII-1, Div.1 

● ASME Boiler and Pressure Vessel Code. 

● ASME B 16.34 Valves Flanged, Threaded and Welding End. 

● API 520Sizing, Selection and Installation of Pressure-relieving devices. 

 

Standards for all valve types 

 

● EN 12516-1/-2/-3/-4 Industrial valves: 

o Part 1 - Shell design strength 

o Part 2 - Calculation method for steel valve shells 

o Part 3 - Experimental method 

o Part 4 - Calculation method for valve shells manufactured in metallic 

materials other than steel 

● EN 13445 Unfired pressure vessels. 

● ASME B 16.34: Valves Flanged, Threaded, and Welding End. 
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Pressure relief valve applications 

 

● EN ISO 21028-1 Cryogenic vessels — Toughness requirements for materials 

at cryogenic temperatures — Part 1: Temperatures below -80 °C 

● ISO 4126 Safety devices for protection against excessive pressure — 

o Part 1: Safety valves  

o Part 4: Pilot operated safety valves 

● EN 13648-1 Cryogenic vessels — Safety devices for protection against 

excessive pressure — Part 1: Safety valves for cryogenic service. 

● ISO 11114-1. Gas cylinders; Compatibility of cylinder and valve materials with 

gas contents — Part 1: Metallic materials. 

● ISO 21013-1. Cryogenic vessels; Pressure relief accessories for cryogenic 

service —Part 1: Re-closable pressure relief valves. 

● ISO 21013-3. Cryogenic vessels; Pressure relief accessories for cryogenic 

service — Part 3: Sizing and capacity determination. 

● ASME VIII-1, Div.1; ASME Boiler and Pressure Vessel Code. 

● ASME B 16.34: Valves Flanged, Threaded and Welding End. 

● API 520; Sizing, Selection and Installation of Pressure-relieving Devices. 
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Safe Gaseous Hydrogen Delivery Procedure 

 

Name______________________ Work Based Recorder_______________________   

Assessor_____________________ Date__________    

Location of Hydrogen Storage Facility__________________________________   

Job Reference________________________________________  

 

 Ye

s 

No 

You identify every item of your clothing is non-sparking and fire resistant.   

You receive permission to enter hydrogen storage facility.   

You identify any obstacles preventing safe offloading and have them 

removed. 

  

You park your tanker in designated hydrogen offloading bay.   

You place four chocks on opposite sides of front and rear wheels   

You identify storage facility tube types: steel or composite.   

You identify the facility’s emergency shut off value in case of leak   

You identify correct hydrogen receiving coupling.   

You bond the receiving facility to your truck to ensure there is no sparks 

generated when connecting pipes 

  

You ground your truck to ensure there are no sparks generated by build-up 

of static electricity  

  

You identify maximum pressure of receiving facility.    

You identify non-sparking tools.   

You fit coupling onto delivery hose.   

You identify correct connection tightness.   

You open receiving valve on facility.   

You prove there are no leaks by using hydrogen leak detectors.   

Run the instruments sensitivity test to ensure that the detector has the 

sensitivity to detect hydrogen 1 ppm 
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You hold the detector within 10 mm of every connection you have made 

while you take a hydrogen concentration measurement. Due to rapid 

dispersion, electronic hydrogen detectors have difficulty detecting leaks 

and it is time consuming to locate the leaking fitting. 

  

You slowly open discharge valve on tanker.   

You monitor the quantity of hydrogen unloading on flow meter.   

You monitor pressures in the tanker and facility   

You identify when the maximum working pressure of facility is approached 

and operate below this pressure at all times using the tanker discharge 

valve. 

  

You identify that hydrogen pressures have equalized.   

You close the tanker discharge valve.   

You open venting valve in the connection hose.   

You identify that pressure in the connection hose is eliminated.   

You uncouple the receiving connection hose.   

You identify hydrogen leaks by observing monitoring sensors.    

If a leak is detected you operate the emergency shut off valves on both the 

tanker and the receiving facility, move to the furthest perimeter away from 

buildings and report the leak to your line management.   

  

You report any leaks to your line management.   

You remove the bonding (grounding) wire from you trailer.   

You identify hazards to exiting the facility and have them removed.   

Request the removal of hazards as appropriate.   

You remove the chocks from the front and back wheels   

You exit facility   

For Assessor use only   

Industrial standards for Safe Hydrogen Delivery followed and achieved   
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You select an approved hydrogen detector, check for damage and prove no hydrogen 

leakage. But first follow the procedure.    

 

Hydrogen sensor 

 

You prove the ability of the sensor to safely detect hydrogen by first running the 

instrument’s self-sensitivity test.  It must be sensitive to 1ppm hydrogen.  You receive 

permission to enter the hydrogen storage area.     
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Gaseous hydrogen transportation using vertical cylinders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gaseous hydrogen transportation using horizontal cylinders 
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All the tubes on a gaseous trailer are interconnected via a manifold   Identify type of 

tube construction: Steel tubes have Pressure Release Devices (PRD’s) only and can 

withstand elevated temperatures.  Composite tubes are reinforced with combustible 

materials and lose their strength in a fire.  Therefore, composite tubes have Pressure 

Release Devices (PRDs) with integrated Thermally Activated Pressure Release Device 

(TPRDs).    

 

Pressure Release Devices 

Connecting the delivery hose of the hydrogen storage facility 

 

Integrated 

Thermally Activated 

Pressure Release 

Device 

Pressure Release 

Device 
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List every precaution that is required to prevent hydrogen fires:  

  

  

  

  

  

 
1. Record below the two tube construction types and how they are identified? 

  

  

  

  

 
2. How are hydrogen leaks detected? 

  

  

  

 

   
3. Why is it important to report any leaks/deviations to your line manager? 
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 Safe Liquid Hydrogen Delivery Procedure   

 

Name______________________ Work Based Recorder_______________________   

Assessor_____________________ Date__________    

Location of Hydrogen Storage Facility__________________________________   

Job Reference________________________________________  

 

 Ye

s 

No 

You identify every item of your clothing is non-sparking and fire resistant.   

You receive permission to enter hydrogen storage facility.   

You identify any obstacles preventing safe offloading and have them 

removed. 

  

You park your tanker in designated hydrogen offloading bay.   

You wear correct PPE including eye and face protection and cryogenic 

gloves. 

  

You never touch the pipelines during liquid hydrogen transfer.  Severe 

frostbite results from any contact and beware of hydrogen vapour 

especially in eyes. 

  

Should your skin come into contact with any cooled surface run warm 

water over affected area. 

  

You place four chocks on opposite sides of front and rear wheels.   

You identify storage facility is for liquid hydrogen in insulated tanks.   

You identify the facility’s emergency shut off value in case of leak.   

You bond the receiving facility to your truck to ensure there is no sparks 

generated when connecting pipes 

  

You ground your truck to ensure there are no sparks generated by build-up 

of static electricity  

  

Identify if the tanker is vented through the vent on the receiving facility and 

connect tanker venting hose to the receiving facilities venting system. 

  

You identify correct hydrogen receiving coupling and ensure that it is clean 

and free of defects. 

  

You identify maximum pressure of receiving facility.    

You identify maximum differential pressure of receiving facility.   
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You identify non-sparking tools.   

You identify adaptor coupling, check it is clean and free of defects and fit it 

onto receiving coupling. 

  

You identify correct connection tightness.   

You open vent valve on facility.   

Identify type of transfer system installed on the tanker.  You start the tanker 

discharge hydraulic pump/generator if present. 

  

You identify tanker hose is clean and free of defects and fit it to adaptor 

coupling 

  

For pump transfer systems start the tanker discharge pump.  On pressure 

transfer systems open the Pressure Building (PB) valve.  

  

You test for leaks by using hydrogen leak detectors.   

Run the instruments sensitivity test to ensure that the detector has the 

sensitivity to detect hydrogen 1 ppm 

  

You hold the detector within 10 mm of every connection you have made 

while you take a hydrogen concentration measurement. Due to rapid 

dispersion, electronic hydrogen detectors have difficulty detecting leaks 

and it is time consuming to locate the leaking fitting. 

  

If no leaks are detected, conduct seven nitrogen purges of the tanker hose 

to eliminate contaminants such as air and water from the piping. 

  

On pump transfer systems open automatic valve and adjust the flowrate to 

the designed flowrate.  On pressure transfer systems open the manual 

valve and then the automatic valve. 

  

You open the top filling valve on the receiving facility.  The addition of 

colder liquid hydrogen to the gaseous hydrogen in the top of the tank 

condensed the gaseous hydrogen and reduces the tank pressure. 

  

You open the bottom filling valve on the receiving facility.  The addition of 

liquid hydrogen to the bottom of the tank increased the volume of liquid 

hydrogen at the bottom of the tank and increases the tank pressure.  The 

correct tank pressure is maintained by the adjustment of the top and 

bottom valves. 

  

If air starts to liquify around hydrogen piping turn off the automatic valve 

and call your supervisor. 

  

You monitor the quantity of hydrogen unloading on flow meter.   

You monitor pressures in the tanker and facility, reducing the flow to the 

bottom reduces the receiving tank pressure. 

  

You identify maximum differential working pressure of facility approaching 

to indicate that the tank is full. 

  



 
 

MICROGRIDS KA2 Project   Page | 45 
 

You identify if the hydrogen vent is indicating the receiving vessel is full.    

You close top and bottom filling valves on facility.   

You close vent valve.   

You switch off the hydrogen pump and hydraulic pump/electrical generator 

if present and close the automatic valve and then the manual valve. 

  

You identify the pressure in the tanker, and should it be out of specification 

you vent the tanker until it is within specification.  

  

If a leak is detected you operate the emergency shut off valves on both the 

tanker and the receiving facility, move to the furthest perimeter away from 

buildings and report the leak to your line management.   

  

You warm the receiving connection hose to ambient temperature and then 

uncouple. 

  

If connected, you uncouple the tanker venting hose from the receiving 

facility. 

  

You remove the ground and bonding wire from your trailer.   

You identify hazards to exiting the facility and have them removed.   

Request the removal of hazards as appropriate.   

You remove the chocks from the front and back wheels   

You exit facility   

For Assessor use only   

Industrial standards for Safe Hydrogen Delivery followed and achieved   

 

 

 

 

 

 

 

 

 

At NASA’s Kennedy Space Center, liquid hydrogen as rocket fuel has supported space 

shuttle launches to deliver crew and cargo to space for 30 years. NASA has developed 
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extensive experience in the safe and effective handling of hydrogen. For example, the 

rocket engines of each shuttle flight burned about 500,000 gallons of cold liquid 

hydrogen with another 239,000 gallons depleted by storage boil off and transfer 

operations. 
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Soap bubbles are one of the most efficient leak detectors. When using a hydrogen 

detection device, you select an approved hydrogen detector, check it for damage and 

prove no hydrogen leakage using the standard safety procedures.  

 

 

 

 

 

 

 

 

You prove the ability of the sensor to safely detect hydrogen by first running the 

instrument’s self-sensitivity test.  It must be sensitive to 1ppm hydrogen. You receive 

permission to enter the hydrogen storage area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Liquid hydrogen transportation in an insulated tank 
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The red arrows above indicate hazards and potential failure scenarios associated with 

LH2 transfer: mishandling of the valve operation sequence by the operator leads to 

potential leaks and leaks / spills from the transfer hose that could be directed 

downwards or parallel to the ground (from HySafe).  

 

Any liquid hydrogen storage and handling facility requires significant clearances for 

placement of a LH2 storage tank and a vaporizer and associated auxiliary equipment as 

well as for LH2 tanker transfer and potential spill area (from HySafe). 

 

Another important consideration is that the transfer of LH2 from the transport tanker to a 

permanent fixed storage Dewar is accomplished by pressurization of the transport tank. 

Upon completion of the transfer process, up to 50 kg hydrogen are normally vented to 

depressurize the transport tank, as shown in the photo below (from HySafe). 

 

 

Example of cold hydrogen routine venting during the depressurization of the LH2 

transport tank through the ground storage Dewar vent stack after the completion 

of LH2 transfer 

As it can be seen above, cold hydrogen venting creates an initially dense cloud 

(highlighted by condensed water vapour) that can be carried horizontally and even 
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dragged downwards depending on the wind conditions at the time of venting. This 

poses concerns related to clearances as well as appropriate elevation of the vent stack 

for prolonged cold hydrogen venting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Liquid Hydrogen Safety Checklist 

 

List every precaution required to prevent hydrogen fires:  
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1.  Record the measures required to protect from cold burns. 

  

  

  

  

  
2. How are hydrogen leaks detected? 

  

  

  

 

 
3.    Why is it important to report any leaks deviations to your line manager? 

  

  

  

  

 
KEEP SAFE WHEN WORKING ON HYDROGEN EQUIPMENT    
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Microgrids KA2 - IO2: Training Course on 

Hydrogen Microgrid Systems 

 

Unit 4.3 – COMPONENTS OF HYDROGEN 

GENERATION, STORAGE AND ELECTRICAL 

GENERATION SYSTEM WITHIN MICROGID 

INSTALLATIONS 

 

In this training course, students will be able to understand the components of a combined 
hydrogen generation and storage system. It will look at electrolysis and electrolyser types, 
as well as the integrated storage system in an isolated or grid-connected solar and/or 
wind generation microgrid system. 
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Learning outcomes and assessment criteria 

 

The components of a combined hydrogen generation and storage system, 

and its associated electricity generation systems 

 

Assessment criteria: 

 

a) The fundamental components of a combined hydrogen generation and storage 

system and its integration with a microgrid installation have been identified 

b) The hydrogen generation subsystem (electrolyser) has been distinguished 

c) The hydrogen compression subsystem has been distinguished 

d) The hydrogen storage system has been distinguished 

e) The hydrogen conversion subsystem (fuel cell) has been distinguished  
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Basic content 

 

3. COMPONENTS OF HYDROGEN GENERATION, STORAGE, AND 

ELECTRICAL GENERATION SYSTEMS WITHIN MICROGRID INSTALLATIONS 

Procedural 

- Recognition of the components of the hydrogen generation 

and storage system and their integration with the solar/wind 

installation   

- The hydrogen generator (electrolyser) has been distinguished 

- The hydrogen storage system (compression or cooling) has 

been distinguished  

- The electrical generator (fuel cell) has been distinguished 

Conceptual 

- The hydrogen generation installation: the electrolysis 

(electrochemical) process of producing hydrogen from water 

by applying an electrical current 

- Electrolysers (PEM, Alkaline, etc.,). Operating parameters of 

an electrolyser: function of electrodes (cathode and anode) 

and electrolytes (ionic conductors). Low temperature 

electrolysis. Electrolyte cells and stacks 

- Types of hydrogen compression and cooling systems to 

enable storage. Pressurised gas cylinders/cryogenic liquid 

tankers  

- Types of fuel cells (PEMFC, etc.,). Fuel cell conversion of 

hydrogen to electrical energy. Isolated systems. Grid 

connected systems  

Attitudinal 

- Collaboration and cooperation in work group and good 

attitude to learning and work activities    

- Develop autonomy and responsibility to organise and 

manage one’s own work within a planned timeline 

- Commitment to one’s own learning tasks and self-evaluation 

of what has been achieved   

- Independent study and self-motivation to enhance learning 

and skills 
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Content Development  

 

1.1 Electrolysis: An introduction to hydrogen generation 

1.2 The Hydrogen Economy 

 As the globally energy demand increases exponentially year on year, there is an 

increased pressure on the available energy reserves and resources i.e. carbon based 

sources. As these are finite in nature and are also proven to be linked with global 

warming and climate change, there is an increased focus on moving to non-carbon 

sources to meet global energy demands. Electrolysis can be defined as “decomposing a 

compound into its basic constituent elements by applying an electrical current”. During 

electrolysis a direct current is passed into compounds in either an aqueous or molten 

state and electrical energy is transformed into chemical energy. As there is a high amount 

of energy required for electrolysis, attempts have now been made to try and allow this to 

occur only using electricity from renewable energy sources i.e. wind and solar PV. One 

advantage is that both wind and PV systems are modular in nature and more units can be 

added to the system as long as there is space or land available to cater to this. 

Additionally, with more units installed, the power generated from these renewable sources 

are increased also. This is why there has been a lot of research interest looking at 

microgrids as well as the development of green hydrogen systems.  

 

In Figure 1 below, we can see how hydrogen storage facilitates and bridges the gap 

between the sources of hydrogen/where it can be generated and where its real-world 

application lies. With the prospect of a hydrogen economy, this ultimately presents a 

unique and beneficial option in an attempt to decarbonise and lower carbon dioxide 

emissions globally in numerous sectors.  
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Figure 1: The Hydrogen Economy. A network of primary energy sources geared towards hydrogen generation and 
storage to support multiple power applications. Adapted from (Scott, 2019). 

 

Hydrogen can be seen as a suitable basis for an energy system such as a microgrid due 

to some of its numerous attractions:  

 It is very compatible with fuel cell applications. 

 It has very good chemical reactivity. 

 It can easily and readily be obtained from a source of water.  

 It is the most abundant element in the world. However, it is normally in a bonded 

form with other species i.e. bonded with oxygen in a water molecule.   

 When combusted or reacted with oxygen it produces zero emissions 

characteristics; the only product is water. 

 It is compatible with both combustion and electrochemical processes. 

 It has excellent electrochemical activity. 

 

A theoretical integrated hydrogen microgrid is illustrated in Figure 2. 
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Figure 2: Theoretical integrated hydrogen microgrid schematic (Created by South West College, 2022) 

 

Hydrogen via Electrolysis  

 

In water electrolysis, a voltage is applied to the cells and a direct current (DC) passes 

between two electrodes, in contact with an ionic conducting medium, with hydrogen and 

oxygen produced by the decomposition of water: 

 

                           
 

 
    

 

The following chemical reactions (RXNs) take place:  

 

Anode RXN:        
 

 
            

Cathode RXN:                    
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Figure 3: A brief schematic of the electrolysis process. Figure adapted from (Ryan, 2020). 

 
 
Polymer electrolyte membrane (PEM): 

 

A common type of electrolyser is a Polymer electrolyte membrane (PEM) electrolyser.  

The following chemical reactions (RXNs) take place:  

 

Anode RXN:       
 

 
           

Cathode RXN:              
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Figure 3: Schematic of a PEM electrolyser. Adapted from (Sood et al., 2020). 

 

What is a catalyst? 

A chemical catalyst is a substance that speeds up a reaction and allows a given reaction 

to occur via a different reaction pathway.  This means that the reaction can occur in a 

different way with different parameters or requirements i.e. with a lower temperature 

requirement. This effectively lowers what is known as the “activation energy barrier”. This 

means that less energy is require in order to initiate the chemical reaction. Figure 4 below 

shows an energy and reaction pathway diagram showcasing the same reaction with and 

without the use of a catalyst and how the energy required to initiate the reaction lowers 

significantly when a catalyst is employed. This again is true in the context of electrolysis, 

where a catalyst can allow the reaction to occur at a lower temperature and potentially at 
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a faster rate. As the catalysts used with electrolysis are quite costly, this promotes a 

disadvantage to adopting electrolysis at scale. However, there has been significant 

research interest in using alternative catalysts for driving down the cost per unit.  

 

 

Figure 4: Energy and reaction pathway catalysis diagram. Adapted from (Europe, 2018) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction without the 

use of a catalyst i.e. 

Higher activation 

energy needed to 

initiate the reaction. 

Reaction with the use of a 

catalyst i.e. Lower activation 

energy needed to initiate 

the reaction. 
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Fuel Cells 

Similar to electrolysers, fuel cells work in the reverse and opposite way. Fuel cells 

electrochemically convert chemical energy stored in fuels to electricity. They are widely 

class as the next generation power devices because of their high efficiency and low 

emissions whilst in operation. PEM fuel cells are the most common and are a major type 

which operate at relatively low temperatures ranging from -40°C to 120°C. A PEM fuel cell 

operates when hydrogen and air are fed into the anode and cathode gas flow channels. In 

the anode catalyst layer, hydrogen is oxidised to protons (H+) and electrons (e-). They are 

then transported via the membrane and out-circuit to the cathode and react with oxygen 

with water as a by-product (Wang et al., 2022). 

Types of Fuel cells 

The anode and cathode reaction (RXN) equations for the following fuel cell types were 

adapted from the Department of Chemical Engineering and Biotechnology from the 

university of Cambridge (“Types of Fuel Cells | Department of Chemical Engineering and 

Biotechnology,” n.d.): 

Alkaline fuel cell 

Alkaline fuel cells, also known as AFC were one the first fuel cells developed. These type 

of fuel cells use a solution of KOH in H2O as the electrolyte component and can use a 

variety of non-precious metals as a chemical catalyst at the anode and cathode. The high 

performance of alkaline fuel cells is largely due to the rate at which electrochemical 

reactions take place in the cell. This has led to them showcasing efficiencies of >60% in 

space applications. Additionally, they were the first type of fuel cell extensively used in the 

U.S. Space program to produce water and electrical energy on-board spacecraft. 

 

Anode RXN:                    

Cathode RXN: 
 

 
                   

Overall RXN:     
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Phosphoric and Sulphuric Acid Fuel Cells 

Phosphoric acid fuel cells, also known as PAFC use liquid phosphoric acid as an 

electrolyte – the acid is contained in a Teflon-bonded silicon carbide matrix and porous 

carbon electrodes containing a platinum catalyst. The electrochemical reactions that take 

place in the cell are shown below. The PAFC is considered the “1st gen” of modern fuel 

cells. It is one of the most mature cell types and the first to be used commercially. This 

type of fuel cell is typically used for stationary power applications, but some PAFC have 

been used to power large vehicles such as city buses.  

 

Anode RXN:            

Cathode RXN: 
 

 
                 

Overall RXN:     
 

 
         

 

Proton Exchange Membrane Fuel Cell  

Polymer electrolyte membrane (PEM), also known more commonly as “proton exchange 

membrane fuel cells” deliver high power density and offer the advantages of low weight 

and volume compared with its counterpart fuel cells. They only need hydrogen, oxygen 

from the air and water to work. PEM fuel cells use a solid polymer as an electrolyte and 

porous carbon electrodes containing a platinum or platinum alloy catalyst. They are 

usually fuelled with pure hydrogen supplied from storage tanks. 

 

These fuel cells operate at low temperatures (~80°C), this subsequently means that there 

is less wear on system components, and they can start quickly. A drawback to this 

however, is that the fuel cell requires a noble-metal catalyst (e.g. platinum) to be used to 

separate the hydrogen’s electrons and protons. This adds significant cost to the system. 

The catalyst can also be prone to carbon monoxide poisoning, meaning several other 

measures are required to mitigate this. These fuel cells are primarily used for transport 

applications. They are particularly suitable for use in vehicles; such as buses, cars and 

heavy duty trucks.   
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Anode RXN:            

Cathode RXN: 
 

 
                 

Overall RXN:     
 

 
         

 

 

Solid Polymer Fuel Cell (i.e. direct methanol fuel cell [DMFC]) 

Direct methanol fuel cells (DMFCs) are slightly different in that they are powered by pure 

methanol (usually mixed with water and fed directly to the anode) as opposed to 

conventional hydrogen or hydrogen reformed from hydrogen-rich fuels like hydrocarbons, 

ethanol or methanol in most fuel cell types. DMFCs are conventionally used to provide 

power for portable fuel cell applications such as mobile phones, tablets or laptop devices. 

DMFCs do not have the same fuel storage issues typical of other fuel cell types. This is 

primarily due to methanol having a higher energy density than hydrogen. However, it is 

not as energy dense as diesel or petrol. It is also worth noting that methanol is much 

easier to transport and supply to the public via the existing infrastructure as it is a liquid 

and not a gas. 

 

Anode RXN:                           

Cathode RXN:    
 

 
                    

Overall RXN:              (
 

 
  )              

 

Molten Carbonate Fuel Cell 

Molten carbonate fuel cells, also known as MCFC are in the process of being developed 

for coal-based and natural gas power plants for electrical utility, military, and industrial 

applications. They normally operate at high temperatures of around 650°C. They use an 

electrolyte made of a molten carbonate salt mixture suspended in a porous, chemically 

inert ceramic lithium aluminium oxide matrix. Due to the high temperature it operates it, 

non-precious metals can be used as catalysts at both the anode and cathode. This helps 
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with the cost of the system when compared to precious metal catalysts.  

A significant disadvantage is the durability of these fuel cells. The high temperatures and 

the corrosive electrolyte work in tandem to accelerate the breakdown of the components 

and thus lowers the cell life.  

 

Anode RXN:                          

Cathode RXN: 
 

 
                    

Overall RXN:     
 

 
         

 

Solid Oxide Fuel Cells 

These type of fuel cells use a hard, non-porous ceramic compound as the electrolyte. 

They have the ability of capturing and utilising the waste heat which could boost fuel use 

efficiencies from 60 to approximately 85%. This efficiency figure of 60% is describing the 

fuel cell’s ability to convert fuel to electricity. Solid oxide fuel cells are quite different to 

other types in that they operate at very high temperatures, sometimes in the region of 

1000°C. This high temperature provides a benefit in that precious metal catalysts are no-

longer needed, which positively affects the cost of the system. Solid oxide fuel cells are 

not poisoned by carbon monoxide and are also very resistant to sulphur in comparison to 

other fuel cells.  

 

Anode RXN:        
          

     
           

Cathode RXN:         

Overall RXN:                     
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Figure 5: Overview of various types of fuel cell technologies. Adapted from (Benz et al., 2003). 
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There are many factors that can influence the performance of an electrolyser. Some of 

these may include but are not limited to:  

 

 Operating temperature 

 Operating pressure 

 Materials used 

 Overall design of unit 

 

Increasing the operating temperature of an electrolyser will effectively increase the 

efficiency. However, it will subsequently increase the rate of corrosion of the electrolyser 

components. The efficiency equation for an electrolyser is calculated much in the same 

way as that of a fuel cell. Remember that these concepts are related as they are 

effectively the reverse of one another. Similarly, the efficiency equations are what is 

mathematically known as the “inverse of one another”. Note how the fraction below flips 

depending on what efficiency is being calculated: 
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Hydrogen storage 

 

When considering the storage of Hydrogen, there are three main types of storage that 

can be used and will be discussed below. 

 

Metal Hydrides 

Hydrogen can be chemically bound and stored with this method known as “metal 

hydrides”. In this case, many metals and alloys will reversibly react with hydrogen to form 

what is known as a hydride. Metal hydrides are classified by the nature of their chemical 

bond between the hydrogen and metal/metalloid species (ionic, metallic or covalent) 

(Young, 2018). 

 

 

Figure 6: The principle of a metal hydride tank for the reversible storage of hydrogen. Figure adapted from (Adelhelm 
and de Jongh, 2011) 

 

Cryogenic liquid Hydrogen (LH2) 

Cryogenic hydrogen is often referred to as liquid hydrogen (LH2) and has a density of 70.8 

kg/m3 at its normal boiling point of -20K. Some other characteristics of LH2 are as follows: 

 Critical pressure: 13 bar 

 Critical temperature: 33K 
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The theoretical gravimetric density of LH2 is 100%. However, only 20 wt.% H2 can be 

achieved in practical hydrogen systems as of today. On a volumetric basis, the respective 

values are 80 and 30 kg/m3, respectively. This ultimately means that LH2 has a much 

better energy density than that of its counter-part compressed hydrogen; which is outlined 

below.  

 

 

Some advantages and disadvantages of using cryogenic liquid hydrogen storage are as 

follows: 

 

Advantages Disadvantages 

The high energy storage density can be 

reached at relatively low pressures. 

There is a significant energy penalty, 

where approximately 30-40% of the 

energy is lost when LH2 is produced. 

liquid hydrogen has been demonstrated in 

conventional commercial vehicles (i.e. 

BMW) 

Another disadvantage with LH2 is the boil-

off during dormant periods, plus the fact 

that super-insulated cryogenic containers 

are required. 

Subsequently, in the future it could be 

utilized as an aviation fuel source, as it 

provides the best weight advantage of any 

Hydrogen storage method. 
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Figure 7: Schematic of a cryogenic hydrogen tank. Adapted from (Rao et al., 2020). 

 

Composite tanks 

Composites can be defined as “made up of several parts or elements. Composite 

research has gained significant interest in the last few years looking at numerous fields 

such as medical and automotive applications, buildings and storage vessels. This is 

widely down to being able to selectively choose some of the enhanced material properties 

to suit the end use application and the ability to manufacture these composites. Recently, 

composite research has had a focus on developing tanks for hydrogen storage as there is 

a vast drive to look at decarbonisation globally to help mitigate the effects of climate 

change. Normally these hydrogen storage tanks contain a carbon fibre composite on the 

outer layer of the tank. There are several advantages with the use of composite tanks for 

hydrogen storage: 

 They do not require an internal heat exchanger and can be used for cryogas also 

with extra fittings. 

 Their low weight (which can be adapted by the manufacture of the composite), 
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meets key targets and the tanks are already commercially available, safety-tested, 

and well-engineered since numerous prototypes phases have been completed. 

 Standard size tanks are available worldwide with specific codes for pressures in 

the range of 350-700 bar. 

 

Subsequently, there are also some disadvantages that come with the use of this storage 

medium: 

 There is a large physical volume required for the tanks and their ideal cylindrical 

shape does not always conform to available space depending on where it may be 

installed.  

 There is a high energy penalty with compressing hydrogen gas to very high 

pressures. Similarly, with the compression phase there is also waste heat 

generated that is not always utilised.  

 They still have a high cost of use (typically in the range of $500-600/kg Hydrogen. 

 

 

Figure 8: Hydrogen composite tank. Figure adapted from (Fortress UAV, 2021) 
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Table 1: Comparison of energy density storage characteristics for hydrogen. Adapted from (Scott, 2019) 

Method Volumetric capacity, (Mass Kg H2 per 

litre) 

Storage capacity, (wt.% of hydrogen) 

Cryogenic liquid H2 (20K) 0.066 100 

Pressurised H2 gas (330 bar) 0.05 5 

Solid H2 0.08 100 

Metal hydrides 0.115-0.145 ~2 

Methane (liquid) 0.105 25 

Methanol 0.1 12.5 

Gasoline (C16) 0.12 15 

LiBH4 0.125 18 

NaBH4 0.115 11 

Ammonia 0.103 17 
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Table 2: Comparison of fuel cell technologies. Adapted from (US Department of Energy, n.d.). 

Fuel cell type Common electrolyte Operating 

temperature 

Typical stack size Electrical efficiency  Applications Advantages Disadvantages 

Polymer electrolyte 

membrane (PEM) 

Perfluorosulfonic acid < 120 °C <1 kW – 100kW 60% direct Hydrogen; 

(Wipke et al., 2011) 

40% reformed fuel 

(Panasonic 

Corporation and Tokyo 

Gas Co., n.d.) 

Portable Power 

Backup Power 

Transportation 

Distributed generation 

Speciality vehicles 

Low temperature 

Rapid start-up and load 

following 

Solid electrolyte 

reduces corrosion and 

electrolyte 

management problems 

Expensive catalysts 

Sensitive to fuel 

impurities 

Alkaline (AFC) Aqueous KOH soaked 

in a porous matrix, or 

alkaline polymer 

membrane 

< 100 °C 1-100 kW 60 % (Mulder et al., 

2008) 

Transportation 

Backup power 

Military 

Space 

Rapid start up 

Low temperature 

Wider range of stable 

materials allows lower 

cost components 

Sensitive to CO2 in fuel 

and air 

Electrolyte 

management 

(aqueous) 

Electrolyte conductivity 

(polymer) 

Phosphoric acid 

(PAFC) 

Phosphoric acid 

soaked in a porous 

matric or imbibed in a 

polymer membrane  

150 – 200 °C 5-400 kW,  40% (“Technology & 

Products - PureCellⓇ 

Model 400 - M400 

Hydrogen,” n.d.) 

Distributed generation Increased tolerance to 

fuel impurities 

Suitable for CHP 

Expensive catalysts 

Sulphur sensitivity 

Long start up time 

Molten Carbonate 

(MCFC) 

Molten lithium, sodium, 

and/or potassium 

carbonates, soaked in 

a porous matrix  

600 – 700 °C 300 kW-3MW, 300 kW 

module 

50% (FuelCell Energy, 

2020) 

Distributed generation 

Electric utility 
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Solid Oxide (SOFC) Yttria stabilized 

zirconia 

500 – 1000 °C 1 kW-2MW 60% Distributed generation 

Electric utility 

Auxiliary power 

Solid electrolyte 

 

High efficiency 

Fuel Flexibility 

Suitable for CHP 

Hybrid/gas turbine 

cycle 

 

Long start up time 

Limited number of 

shutdowns/cycles 

High temperature 

corrosion and 

breakdown of cell 

components 
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Microgrids KA2 IO2 - Training Course on 

Hydrogen Microgrid Systems 

 

Unit 4.4 – HYDROGEN MICROGRID DESIGN AND 

CRITICAL SAFETY REQUIREMENTS FOR ITS 

OPERATION AND MAINTENANCE 

 

In this training course, students will be able to understand the components of a 
combined hydrogen generation and storage system. It will look at electrolysis and 
electrolyser types, as well as the integrated storage system in an isolated or grid-
connected solar and/or wind generation microgrid system. 
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Learning outcomes and assessment criteria 

 

Hydrogen microgrid design and critical safety requirements for its 

operation and maintenance  

Assessment criteria: 

a) The hydrogen generation and storage requirements have been quantified 

based on surplus power availability from curtailed wind/solar   

b) The electrolyser, hydrogen storage and fuel cell systems and associated 

equipment have been selected based on surplus power calculations  

c) The appropriate design of hydrogen system has been identified for the 

specific location 

d) The appropriate analysis of risks associated with hydrogen generation and 

storage have been carried out and the required safety calculations and 

mechanisms have been applied according to regulations   

e) The specific safety requirements for hydrogen integration within microgrid 

systems including hydrogen detection and monitoring have been assessed 
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Basic content 

 

4. HYDROGEN MICROGRID DESIGN AND CRITICAL SAFETY REQUIREMENTS 
FOR ITS OPERATION AND MAINTENANCE  

Procedural  

- Carrying out basic calculations of energy surplus (from 

curtailment) based on wind/solar location 

- Carrying out electrolyser size requirements based on surplus 

energy calculations 

- Consideration to the location and design of the hydrogen system 

in relation to its integration with wind and solar installations and 

ease of management, operation and maintenance 

- Analysis of risks associated with hydrogen generation and 

storage   

- Recognising specific safety requirements for hydrogen integration 

within microgrid systems  

- Considerations for hydrogen detection and monitoring 

Conceptual  

- Surplus wind/solar energy calculations and electrolyser system 

size calculations including conversion losses  

- Site location of integrated hydrogen microgrid system 

- Case Studies of accidents in microgrid scale hydrogen systems  

- Hydrogen sensor types and applications   

- Hydrogen detection strategies for microgrids 

- Maintenance of hydrogen detection systems for microgrids  

Attitudinal  

- Develop autonomy and responsibility to organise and manage 

one’s own work  

- Commitment to one’s own learning tasks and self-evaluation of 

what has been achieved    

- Attention to the relevant regulations and legislation   
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Figure 1: Schematic of the proposed microgrid.
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Hydrogen Sensors 

With the aim of decarbonising our fossil fuel driven society via the means of 

hydrogen implementation, technical challenges are to be met. One of the main 

concerns with widespread adoption and conversion to hydrogen systems is safety 

concerns such as its explosive nature and such widespread flammability range. In 

order to ensure safe operation of these practices, hydrogen detection and monitoring 

should be implemented in all processes concerning hydrogen. Lately, there has been 

a focus on the research of hydrogen sensor technologies and their effectiveness 

given hydrogen sensors have been well studied and produced in the form of 

marketable, commercial products which can be purchased. Hydrogen sensors are 

devices that convert a chemical or physical interaction of hydrogen gas into a 

measurable signal. Usually, they work by adsorption of hydrogen to a solid-state 

sensing material, which experiences a corresponding property change and 

effectively provide transduction of the gas concentration to a measured value. This is 

further shown in Figure 2, the operational flow diagram below which outlines the 

functions of a hydrogen sensor.   

 

 

Figure 2: Operational diagram of a hydrogen sensor. 
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Demands and specifications for Hydrogen sensors 

As outlined by Hübert et al. the demands for hydrogen sensors can be summarised 

as follows (Hübert et al., 2011):  

● Low cost (<100€ per system) 

● Low power consumption 

● Small size 

● Simple system integration and interface 

● Simple operation and maintenance with long service interval 

● Safe performance e.g., Explosion proof sensor design and protective 

chassis/housing 

● Reliable results of sufficient accuracy and sensitivity (uncertainty <5-10% of 

signal) 

● Fast recovery and response time (<1s) 

● Long lifetime (>5 years) 

● Low cross sensitivity (e.g., hydrocarbons, hydrogen sulphide, carbon 

monoxide) 

● Stable signal with low noise 

● Indication of hydrogen in the concentration range of 0.01-10% (Safety) or 1-

100% (Fuel cells) 

● Robustness including low sensitivity to environmental parameters such as: 

Temperature (1-30-80°C [safety], 70-150°C [Fuel cells]), Pressure (80-110 

kPa), relative humidity (10-98%) and gas flow rate. 

 
Table 1: Target specifications for hydrogen sensors. Adapted from (Manjavacas and Nieto, 2016). 

Parameter Value 

Measurement Range 0.1-10% 

Operating Temperature -30 to 80°C 

Response Time < 1s 

Accuracy 5% of full scale 

Gas Environment Ambient air, 10-98 Relative humidity % 

Lifetime 10 Years 

Interference Resistance 
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Types of sensors 

In this section we will look at five of the main types of hydrogen sensors that are 

commercially available on the market. Although five are included here there have 

been reports of other sensor types either available or emerging to market. For 

example, Hubert et al. has subdivided the different types of hydrogen sensors into 8 

main categories: 

1. Acoustic. 

2. Optical. 

3. Mechanical. 

4. Resistance based. 

5. Thermal conductivity. 

6. Catalytic. 

7. Electrochemical. 

8. Work function based. 

 

Authors such as Pham and brown have subdivided the sensor types into ones that 

utilise 2D materials.  

 

Figure 3: Different types of sensors that employ 2D materials. Adapted from (Pham and Brown, 2020). 
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Electrochemical sensors 

 

Electrochemical sensors work as an electrical current passes through a sensing 

electrode produced by an electrochemical reaction. This takes place at the surface of 

the sensing electrode coated with a type of catalyst i.e., platinum. An electrochemical 

sensor in theory is basically a metallic anode and a metallic cathode submerged in 

an electrolytic solution to allow ion transportation between both the electrodes. 

Usually, electrochemical sensors have two or three different electrode configurations 

with a membrane for gas transport, the electrical current being proportional to the 

hydrogen concentration and this current can be measured to determine gas 

concentration. Sometimes the electrolyte is a solid polymer, which removes the 

possibility of leakage that may occur in the use of liquid electrolytes. Potentiometric 

and amperometric sensors are the two main configurations of electrochemical 

sensors.  

● Amperometric - Work at a constant applied voltage and the sensor signal is 

a current. 

● Potentiometric - Operate at zero current and the sensor signal is the 

potential difference between the sensing electrode and a reference electrode. 

 

An advantage of electrochemical sensors is that they are well established 

commercially, their high sensitivity to hydrogen and they consume very little power. 

Additionally, they are quite cost-effective and have very good precision. One 

significant disadvantage to electrochemical sensors is that their high sensitivity to 

hydrogen decreases over time due to the degradation of the electrochemical 

catalyst, being easily contaminated by process gases. Additionally, they have 

moderate selectivity and work with a restricted temperature range.  
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Figure 4: Schematic of an electrochemical hydrogen sensor measuring principle. 

 

Thermal conductivity sensors 

Thermal conductivity sensors operate on the principle of temperature induced 

change of an electrically heated sensing element. Thermal conductivity is a property 

for each gas. Readings are positive for hydrogen, using air as the reference gas. The 

reason for this is because the thermal conductivity coefficient for hydrogen at normal 

conditions (273K and 101325 Pa) is the greatest of all known gases. As shown in 

Figure 5 below, a thermal conductivity sensor measures a concentration of a gas in a 

binary mixture by measuring the thermal conductivity to the reference gas. 

Thermistors are used to form the sensing element, one in contact with the sample 

gas and the other one in contact with the reference gas. The sensing element 

temperature, that determines the electrical resistance, is conditioned by the heat loss 

through the surrounding gas, the sensor signal being a change in resistance. This 

change is proportional to the hydrogen concentration in the gas mixture. 

An advantage of thermal conductivity sensors is that they are very stable devices as 

there is no chemical interaction. This ultimately means that they are much less 

susceptible to contamination. Additionally, they are highly accurate, reliable, have a 
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long operational life (>5 years) and have a wide hydrogen detection range (<1-100% 

H2). 

However, there are some disadvantages to using this type of sensor. For example, 

thermal conductivity sensors have difficulty in detecting low concentrations of 

hydrogen gas. Due to this, they are usually coupled with other types of hydrogen 

sensors. As they also have a low gas selectivity, this creates a problem in process 

applications but not when only a combustible gas is present.  

 

Figure 5: Schematic of a thermal conductivity sensor. 

 

Catalytic sensors 

Catalytic hydrogen sensors are based on gas oxidation on the surface of a catalytic 

element electrically heated. This oxidation uses the oxygen of the air and causes a 

temperature increase on the sensing element, which depends on the gas 

concentration. The most common type of detector is the pellistor type, formed by two 

ceramic beads with platinum wires embedded, one of them being coated with a 

catalyst material in which hydrogen oxidation occurs. The gas oxidation produced a 
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temperature increase on the catalyst bead, causing a change in electrical resistance 

of the platinum wire, also acting as the heater, which is a measure of gas 

concentration.  

 

Figure 6: Pellistor Schematic. 

The heated wire is contained within an ex-certified enclosure with a porous sintered 

metal inserted that allows the gas to enter. To measure these changes, both 

pellistors are connected to each other in what is known as a wheatstone bridge as 

seen in Figure 7 below. Another type of catalyst sensor, the thermos electric sensor, 

is based on the same principle of generating an electrical signal by a catalysed 

exothermic oxidation reaction of hydrogen but, in this case, it uses the thermoelectric 

effect, which basically consists of a direct conversion of temperature difference to 

electrical voltage, to generate the electrical signal.  
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Figure 7: Catalytic sensor measure principle. 

 

A big advantage to using Catalytic sensors is that they have a well-developed 

technology, and it can be used to detect any combustible gas. These detectors are 

small and are used for detecting flammable gases from 0% to 100% lower explosion 

limit (LEL).  

One thing to note is that catalytic sensors are not exclusive to hydrogen. This means 

that often they cannot differentiate between combustible gases. Oxygen presence is 

required for their operation, and it is not recommended above the lower explosion 

limit. Additionally, they can give false readings in gas-rich atmospheres, e.g., above 

the upper explosion limit (UEL). The catalyst can also be poisoned by trace gases 

such as hydrogen sulphide and silicones and subsequently, requires regular 

calibration and replacement.  

 

Semi conductive metal-oxide sensors 

The operating principle of metal-oxide sensors (MOX) is that a surface interaction 

between a reducing gas and a gas-sensitive semiconductor modifies the conductivity 

of the latter. Basically, a metal oxide film is applied on a substrate material between 

two electrodes, which shows sensitivity toward hydrogen gas (as shown in Figure 8 
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below). The change in electrical conductivity of the semiconductor is a measure of 

concentration of hydrogen gas. 

An advantage of using a MOX detector is that they can have a fast response time 

and acceptable lifetime. Additionally, it is a low cost, small senor type and has 

tolerable power consumption. 

One significant disadvantage is that MOX sensors are very sensitive to water vapour 

and many other gases that may produce a false reading and they are not considered 

selective devices. Additionally, they have a long and nonlinear response time, being 

susceptible to contamination as well. 

 

Figure 8: Schematic of a metal-oxide hydrogen sensor. 

 

Optical Hydrogen sensors 

Optical sensors are based on an optically active material that transforms the 

hydrogen concentration to an optical signal. They are adequate to operate in 

explosive atmospheres because they are electrically isolated. There are many types 

of optical sensors, the most referenced being the devices based on optical properties 

of palladium films. The exposure to hydrogen produces a dimensional change in this 

metal, causing a modification in its effective optical path, which is proportional to the 

hydrogen concentration. Thus, variation techniques employed to measure this 

dimensional change, for example interferometric or reflectivity measurement. 
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An advantage of using the optical sensor is that it eliminates the risk of providing a 

source of ignition in the place of the leak because it is an optical signal rather than 

electrical and due to its configuration in the field it could cover a wide monitoring area 

using only one device. Besides, it is less sensitive to electromagnetic noise than 

other and may operate in the absence of oxygen. 

On the other hand, a disadvantage is that optical sensors may be sensitive to 

interference from ambient light and to temperature changes.  
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Location of Sensors 

Location of a hydrogen sensor is one of the most crucial issues to consider when a 

sensor is to be utilised. The location of the sensor is directly related to the time of 

response.  

The standard ISO/TR 15916:2015 “Basic considerations for the safety of hydrogen 

systems” (“ISO - ISO/TR 15916:2015 - Basic considerations for the safety of 

hydrogen systems,” n.d.) includes some suggested locations for hydrogen sensors: 

1. Locations where hydrogen could accumulate 

2. At hydrogen connections that are routinely separated (e.g., Hydrogen 

refuelling ports) 

3. In building exhaust ducts, if hydrogen could be released inside the building 

4. In building air intake ducts, if hydrogen could be carried into the building 

5. Locations where hydrogen leaks or spills are possible 

 

Aside from these five points that are outlined and the fact of knowing in depth the 

hydrogen system where a system of detection needs to be installed (pipe 

connections, forward/return pipes of ventilation systems), it is necessary to have 

other tools to be able to locate detectors in a proper way.  One such method that can 

be used is computational fluid dynamics (CFD). CFD is a computer simulation tool 

that allows the modelling of the dynamics of fluids, that is, a numerical tool for 

predicting the pressure and velocity fields, and the temperature and concentration 

profiles on physical systems that may include chemical transformations (Aicher, 

2015; “What is Computational Fluid Dynamics (CFD)? | SimScale | SimScale,” n.d.). 

Currently, it is utilised to investigate safety issues related to production, storage, 

delivery and the use of hydrogen. Due to the importance, but also the difficulties and 

safety risks associated with experimentation using hydrogen in relevant situations, 

CFD is a powerful tool for analysing hydrogen safety scenarios that can help to 

design forced ventilation systems and define the number and location of the 

hydrogen sensors (Legg et al., 2012). 
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Figure 9: Honeywell BW Solo Hydrogen (H2) Single Gas Detector. 
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Maintenance of Hydrogen sensors 

In hydrogen sensors, the sensing element is the sensitive element responsible for 

converting a physical measure such as hydrogen concentration into a useful output 

signal. On the other hand, a transducer turns the output signal into meaningful 

information displayed by the user interface. The performance of most hydrogen 

detectors deteriorates with time, the rate of deterioration depending on the type of 

hydrogen sensor and the operating conditions. Sensing element aging may cause 

drift in time. Subsequently, maintenance is therefore essential for keeping hydrogen 

detectors at a high-performance level and is required for safe use. Regarding the 

information stated, detectors should be: 

● Calibrated (zero and sensitivity adjusting) with a standard gas in accordance 

with the procedure outlined in the instruction handbook.  

● Regularly cleaned, especially the head of the detector, to allow gas to reach 

the sensitive element. 

● Regularly inspected for possible malfunctions, visible damages or other types 

of deterioration. 

 

Hydrogen sensor Calibration 

With regards to hydrogen sensors, calibration needs to be a function relating to the 

concentration of hydrogen and the sensor’s signal. Additionally, it should allow the 

obtaining of a reference to determine the accuracy of the sensor. In an ideal 

scenario, a linear response is expected but each type of sensor technology has its 

own unique response. This fact is clear when electrochemical, semiconductor and 

catalytic sensors are compared (Hübert et al., 2011). This can be seen in Figure 10 

below, whilst also comparing with the linear and non-linear response in Figure 9. In 

Figure 10, the first one has a linear response while a nonlinear response appears for 

electrochemical and semiconductor sensors. When high hydrogen concentrations 

occur, a nonlinear response of a sensor causes its sensitivity to decrease. This fact 

must be studied when a sensor technology is to be chosen for a given application.  
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Figure 10: Comparison of a nonlinear and linear response for a hydrogen sensor related with calibration operation. 
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Figure 11: Calibration curve of three different hydrogen sensors over the concentration range of 0.1-1%; 1) Semiconductor 
sensor, 2) Electrochemical sensor, 3) Catalytic combustion sensor. 

 

Ultimate comparison of Hydrogen sensor technologies 

When considering what type of hydrogen sensor should be employed, one should 

consider using a comparison table. The typical characteristics and information 

relating to the five main types of hydrogen sensors are summarised in Table 2 

below.  Additionally, this table provides technical data of the different sensors that 

are commercially available.
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Table 2: Overview of Hydrogen sensor type technologies. 

 

Operating Principle 

Sensor Type 

Electrochemical Thermal Conductivity Catalytic MOX Optical 

Electrical Current Temperature Change 
Temperature 

Resistance 
Conductivity Change Optically active material 

Performance 

Lifetime (years) 

Selectivity 

T90 (seg) 

Measuring Range (vol%) 

Humidity Influenced 

Temperature Influenced 

Power Consumption 

Cost 

2 

Acceptable 

<30 

<4% 

Yes 

Yes 

Low 

Good 

>5 

Low 

<15 

<1-100% 

Yes 

Yes 

Low 

Low 

>5 

Low 

<20 

<4% 

No 

No 

Tolerable 

Low 

2-4 

Low 

<30 

<2% 

Yes 

Yes 

Tolerable 

Low 

<2 

-- 

<60 

0.1-100% 

No 

Yes 

Tolerable 

High 

Characteristic

s 

Advantages 

1.Well-established 

commercially 

2. Good level of 

precision 

3. Small in size 

1. Stable devices 

2. Small in size 

1. Well Developed 

technology 

2. Small in size 

1. High sensitivity 

2. Small in size 

1. Wide area of operation 

2. Not electromagnetically 

influenced 

3. No source of ignition 

Disadvantages 

Easily 

contaminated 

1. Difficulty in detecting 

very low concentrations 

of Hydrogen 

1. Regular 

calibration needed 

2. Can be poisoned 

by trace gases 

3. Can Give False 

readings 

1. Non-linear response 

time 

2. Susceptible to 

contamination 

3. Can give false 

readings 

Sensitive to ambient light 

interference 

 
Common applications 

Leak detection + 

Process monitoring 

Process monitoring Leak detection Leak detection Leak detection 
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