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Abstract: The advent of a new Era of sustainable energy systems is upon us. The huge ecological footprint related to our 

energy consumption has long taken its toll on pollution and environmental changes. The reserves of conventional energy sources 
are running out and will soon not be able to satisfy the energy needs of an ever-growing global population. The urge to solve 
these grievous problems is the driving force behind intense research efforts that are being put into the alternative energy field. 
However, renewable energy sources are prone to availability fluctuations dependent on weather conditions. So, in order to find 
actual substitutes for fossil fuels, we still need to develop and mature solutions that can grant us stable and reliable renewable 
energy systems. A very promising solution is the buffering of harvested energy into electrical energy storage systems, so that it 
can later by used in a more controlled fashion – Timeshifting. The purpose of this work is to build a Prototype Photovoltaic 
Power Plant that stores energy in the form of Hydrogen (produced from electrolysis and reconverted by a Fuel Cell) and develop 
a control system that enables its automation, so that it can later be integrated in a remotely controlled laboratory. 
 

Keywords: Renewables, Photovoltaic energy, Hydrogen fuel, Energy storage, Fuel Cell, Automation 

 
I. INTRODUCTION 

”I will get right to the point”, declared Nobel laureate 
Richard Smalley, speaking before the American Congress. 
“Energy is the single most important problem facing humanity 
today. We must find an alternative to oil. We need to somehow 
provide clean, abundant, low-cost energy to six billion that 
live on the planet today and 10-plus billion that are expected 
by the middle of the century.” 

Richard Smalley’s bluntness before congress reflects the 
urgency of the matter he was dealing with. In these simple few 
words one of the biggest problems humanity is facing in the 
turn of this new century was exposed: we need a new “clean, 
abundant, low-cost” energy source. 

While many of us may argue whether the current 
alternatives to fossil fuels – oil, coal and natural gas – have yet 
reached maturity regarding production, storage and 
distribution; none of us questions that without viable 
alternatives, our increasing energy demands will not be met, 
as fossil fuels are limited and will reach their production peak. 
As Smalley shrewdly acknowledged “We must find an 
alternative to oil”. If these weren’t good enough reasons to 
abandon fossil fuels, we can’t forget that their combustion has 
a devastating impact on environment since it emits carbon 
dioxide (CO2) and other air contaminants like nitrogen oxides, 
sulphur dioxide and volatile organic compounds. These gases 
play a major role in the greenhouse effect, contribute to global 
warming and generate acid rains and smog.  

Earth’s biosphere, in which living beings have their 
sustenance, has a perfectly balanced composition to ensure 
healthy life to all of them. Pollution is the introduction of 
contaminants with which we generate disorder, instability and 
harm to many ecosystems and living species, such as our own. 

We come to an inevitable conclusion: without renewable 
energies, our evolution is simply not sustainable.  

The power requested from the grid by the equipment used 
by the various consumers (domestic, industrial, etc.) changes 
over the different times of the day, month or year, depending 
on climatic conditions (wind, rain, irradiance, etc.), on the 
activities preformed. This is measured in Load Profiles.  

 

 
Figure 1 – Load Profiles for (a) a winter day, 21.01.11  (b) a summer day, 

28.07.11 [1] 

Managing the grid’s Generating Equipment to meet the 
energy demands imposed by these Load Profiles is a 
permanent challenge faced by the entity responsible for the 
system. To do this, one has to take in to account the 
characteristics of the Power Plants available, such as 
dispatchability (the ability to change output quickly on 
demand), variability (the extent to which the Plant may exhibit 
undesired or uncontrolled changes in output), pollution, 
electricity cost. For instance, the activity of Fuel Oil Plants is 
avoided unless strictly necessary because Oil is highly 
pollutant and very expensive. Coal is the cheapest form of 
producing electricity, but its Power Plants are non-
dispatchable. This makes Coal Power Plants suitable for 
assuring base production – demand during the off-peak, or 
night-time, that is constant all through the day. Other non-



dispatchable forms of energy are used for base production 
such as Wind and Photovoltaic, but the fact that they have 
some variability (depend on wind and irradiance conditions 
respectively) makes their output almost unpredictable, which 
raises some difficulties in matching demand. Dispatchable 
sources like Hydro can be turned on and off quickly, so they 
are used in times of high demand – peaks. Natural Gas Plants 
are both dispatchable and non-variable, so they can be used to 
meet base production or peaks, depending on the needs. For 
instance, Hydro has great variability as was already discussed 
above, so in rainy months, Hydro Plants can operate 
continuously, thus contributing to base production. 

The fact is that renewable sources are intermittent – their 
availability is subjected to weather fluctuations. If we want to 
produce Renewable Energy in large-scale, a solution will have 
to be developed in order to minimize the effect of production 
fluctuations. A simple, but not at all ideal solution, would be 
make hybrid Plants, where fossil fuels would be burned in the 
times of day with less irradiance, to smoothen the variations. 
Another would be to improve prediction of production in 
order to plan ahead. But the most studied and promising 
solution, thus the one that will be used in this work, is Energy 
Storage or Buffering: By storing the generated energy that is 
not immediately consumed, typically during times of lower 
demand, one can use it latter to fill the voids created by the 
fluctuation of renewable sources, thus smoothing production. 

The most relevant electric energy storage systems are 
divided in three types. Mechanical (pumped hydro and 
compressed air), Electrochemical (batteries) and Chemical 
(hydrogen). Today, pumped hydro storage (PHS) plants 
represent nearly 99% of worldwide electrical storage installed 
capacity, which is about 3% of global generation capacity 
variations and increasing the reliability of these Power Plants 
– this is called Timeshifting. 

Hydrogen Storage has gained interest in the last few years 
is now the focus of intensive researches aiming to assess the 
viability of this technology to substitute the established ones. 
This work will consist of the construction and automation of a 
prototype Photovoltaic Power Plant. 

II. HYDROGEN TECHNOLOGIES 

Hydrogen as fuel has been around for long. NASA has 
been using liquid hydrogen to propel space shuttles and other 
rockets into orbit since the 1970s. Hydrogen Internal 
Combustion Engines (H2ICE) have been patented in the 
1970s, but only recently have any cars equipped with these 
engines became available to the market. However, there is a 
new and more efficient way to produce energy from hydrogen. 
It is called the Fuel Cell. Fuel cells convert fuel and air 
directly to electricity, heat and water in an electrochemical 
process.  

At present, hydrogen and fuel cells do not offer sufficient 
short-term end-user benefits to justify their higher costs 
compared to conventional technologies. Therefore, the 
strategy should aim to identify pathways for increasing 
infrastructure and production volumes. In certain applications, 
such as portable power, emergency back-up power, and 
auxiliary power units, fuel cells may offer early customer 

benefits and attract premium prices. But moving from the 
fossil fuel economy to a new hydrogen and fuel cell-based 
economy will not happen overnight. While intensive research 
and development efforts are being put into making fuel cells a 
competitive technology, a strategy is required to maximize the 
benefits of transition technologies such as the above 
mentioned combustion engines. 

Hydrogen handled in the prototype will be produced from 
water through Electrolysis. It will be stored and then 
reconverted to electricity by a Fuel Cell. A fuel cell is a device 
that converts directly the chemical energy stored in gaseous 
molecules of Fuel and Oxidant into electrical energy. The 
basic building block of a fuel cell consists of an electrolyte 
layer in contact with a porous anode and cathode on either 
side.  

There are several types of Fuel Cells, described in detail 
in my dissertation, but the one used in this work is the 
Polymer Electrolytic Membrane (PEM) Fuel Cell. Low 
operating temperatures and immobilized electrolyte membrane 
(that reduces corrosion, and provides for longer cell and stack 
life) are the main features that position this cell as the most 
convenient in this work 

 
Figure 2 – Operation of a (a) PEM Electrolyser and a (b) PEM Fuel Cell [2] 

In this type of fuel cell depicted in figure 2, hydrogen gas 
flows through channels to the anode, where a catalyst causes 
the hydrogen molecules to separate into protons and electrons. 
The membrane allows only the protons to pass through it. 
While the protons are conducted through the membrane to the 
other side of the cell, the anode collects the free electrons, 
forming a negatively charged stream that follows an external 
circuit to the cathode. This flow of electrons is electricity that 
can be used to do work, such as power a motor. The sub-
reaction occurring in the anode is given by 

 
On the other side of the cell, air flows through channels to 

the cathode. When the electrons return from doing work, they 
react with oxygen in the air and the hydrogen protons (which 
have moved through the membrane) at the cathode to form 
water. The sub-reaction happening in the cathode is given by 

 

This union is an exothermic reaction, generating heat that 
can be used outside the fuel cell. If we sum both 
electrochemical reactions occurring at the anode and cathode 
we get a final overall reaction given by 
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Notice that the process of recombination of Hydrogen and 
Oxygen is produces electrical work. As it is not an ideal 
process, some heat is also exchanged. The reactions occurring 
in a PEM Electrolyzer are the reverse of those we have just 
seen.  

EFFICIENCY 

The total efficiency of a fuel cell is calculated as a 
product of three different efficiencies,  

!FC =!th !!u !!i  
Respectively, the Thermal Efficiency, the Voltage 

Efficiency and the Current Efficiency. The Thermal Efficiency 
is the efficiency of conversion of energy, so it is calculated as 
the ratio between the output electrical energy and the input 
energy (associated to the stored hydrogen). 

!th =
Eout

Ein

=
Pout ·!t
!H

 

As was explained before, the operating voltage of a fuel 
cell is determined by the reversible open circuit voltage, 
reduced by the various loss voltages.  The voltage efficiency is 
the ration between the operating voltage and the reversible 
open circuit voltage.  

!u =
u
Uoc

 

Finally, the current efficiency is given by the product of 
the Faraday Efficiency, which is the ration between the real 
current and the theoretical current; and the hydrogen 
consumption factor, which accounts for the fact that there are 
some hydrogen molecules that pass through the membrane 
without reacting. This factor is calculated as the ration 
between the flow of hydrogen that reacts and the flow of 
hydrogen that is supplied. 

!i =!F !µF =
i

neF"
!
reactant fuel
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Studies on PEMFC efficiency have been done by Teixeira 
J. [3] and Nunes G. [4], and their where able to achieve 43.8% 
and 42.4% electrical efficiency respectively. Teixeira J. 
further observed that in the range of 40  – 220  !" · !"!! the 
values found for efficiency where all close to 40%. 

III. PHOTOVOLTAIC TECHNOLOGIES 

A PN Junction consists of p-type semiconductor material 
packed together with an n-type one. When joined, the excess 
holes in the p-type material flow by diffusion to the n-type 
material, while electrons flow by diffusion from the n-type 
material to the p-type material as a result of the carrier 
concentration gradients across the junction. The electrons and 
holes leave exposed charges behind near the junction. The 
middle region that is now striped of charge carriers is called 
the depletion zone. The positive fixed ions on the n side 
interact with the negative charged ones on the p side. As a 
consequence, an opposing electric field builds up in the 
depletion zone. This field will generate a drift of minority 
carriers back to where they where majority carriers – 
electrons back to the n side and holes back to the p side. This 

opposing current quickly matches the diffusion current and the 
system reaches equilibrium. This electric field has the energy 
to produce electric current. All that needs are additional 
charge carriers to pump across the junction.  So, a good way to 
generate new charge carriers would be to expose the materials 
to light. The electric field in the depletion region would do the 
rest. 

When light falls onto semiconductor material, photons 
with energy lower than the band gap energy (!!! < !!) 
interact only weakly with the semiconductor, passing through 
it as if it were transparent. However, photons with energy 
greater than the band gap energy (!!! > !!) interact with 
electrons in covalent bonds of the bulk material, and use their 
energy to break bonds and create electron-hole pairs. In other 
words, light generates an excess of minority carriers. 
However, some of them get recombined before they reach the 
depletion zone. In general, the closer the point of generation of 
the pair is to this zone, the better the chance of collection. As 
illustrated in figure 3, the electric field at the depletion region 
sweeps these additional electrons to the n side and holes to the 
p side. Consequently, now the drift current is bigger that the 
diffusion current, so there is a total net current – the junction 
falls out of equilibrium. Electrical power was created. This is 
the principle of solar cells. 

 
Figure 3– Closed circuit flow of electrons in an illuminated PN Junction. 

SPECTRAL RESPONSE 

The performance of a solar cell depends not only on the 
incident irradiance and the temperature of operation but also 
on the wavelength of the incident radiation. This behaviour is 
accounted for by another parameter called the spectral 
response. It is defined as the ratio of the photocurrent 
generated by a solar cell under, to the value of the spectral 
irradiance of monochromatic illumination of a given 
wavelength. It’s a measure of the current produced by unit 
power at different wavelengths. This value is not constant 
because photons with different wavelengths have different 
probabilities of being absorbed. It is calculated by 

 

Where !" is the quantum efficiency. As was described 
above, for a photon to generate current first it has to be 
absorbed by the material, and then the minority carrier it 
generates has to reach the depletion zone without 
recombining. This series of events only happens with a limited 
probability. Quantum efficiency is a measure of this 
probability. It also depends on the wavelength of the incident 
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photon. A comparison of the spectral response of different PV 
technologies is presented in figure 4 

 
Figure 4 – Spectral Responses of different PV Cell types  

Notice that for amorphous silicon (a-Si) the spectral 
response has its maximum around 700-800 nm and in the 
visible region of the spectrum (the region our PV array is 
going to work on) it increases with the wavelength. 

IV. SCALED POWER PLANT DESIGN 

 
Figure 5 – Block Diagram of a PV Power Plant that stores energy in the form 

of Hydrogen 

In the previous chapters I have introduced and described 
the most important theoretical concepts surrounding the 
experimental setup. In this chapter I will compare the 
operation of the prototype with a real scale plant. The Block 
diagram in figure 5 represents the flow of energy, from 
production to storage, to final consumption. The design of 
each of these stages will now be described. 

LIGHT SOURCE 

As this work has educational purposes, the prototype has to 
be prepared for usage at any time of day with any weather 
condition. These requirements would not be met had we used 
the Sun as the light source for our setup. Our answer to this 
problem was to create a panel of high brightness LEDs of three 
different colors – Red, Green and Blue. This panel offers some 
useful functionalities. It not only solves the problem of 
availability of the source, but it also grants the user the 
possibility to test the spectral response by changing the 
wavelengths and the intensity of incident radiation. In order to 
achieve a better stability of irradiance, an algorithm was 
developed to equally distribute the power in time, so as to 
reduce LED flickering. 

PV ARRAY 

The energy produced in real plants has to be transported 
over long distances in order to reach its final destiny. This 
long-range transfer of energy is called transmission. However, 
just like any electrical conductor, transmission lines have 
some resistance associated with their finite conductivity, 
which means there will be ohmic losses. . These losses are 
given by the equation 

 Pdiss = !V ·I = R·I
2   

Where R is the line resistance, not the load resistance. 
Notice the quadratic dependence on current means that higher 
currents produce bigger losses. Also, for transmission cables 
to handle high currents they need to be thicker. Since they are 
very long, a change in thickness would amount to a huge 
increase of transmission line costs. The costs associated with 
handling high voltages are much lower. So, in order to 
minimize the losses and costs of transmission lines, utilities 
use transformers at both ends of the line to scale voltage from 
low to very high levels and vice versa. This allows power to 
be transmitted at lower currents, consequently with thinner 
cables. 

Typically, doubling the voltage quadruples the power 
transfer capability. Therefore, the evolution of grids in most 
countries is characterized by the addition of network layers of 
higher and higher voltages. In Portugal, this tendency is 
confirmed by the data provided in [1] and [5]. The Portuguese 
transmission lines are operated at 150kV, 220kV or 400kV. 
The total length of the lines has grown 18,3% since 2006, 
which demonstrates the growth of energy demand. By the end 
of this year, these lines represented 34.3%, 43.5% and 22.2% 
of the total length respectively. As of August 2012, the 
proportion is now 31.6%, 41.7%, 26.7%. Clearly, in order to 
deal with the increase of demand, the national electrical 
system has invested in 400kV lines at expense of the lower 
voltage ones. And for heavily populated and industrialized 
energy systems, demanding higher amounts of power, there 
are transmission lines operating at extra high voltages (EHV) 
reaching 800kV. Ultra high voltage (UHV) transmission lines 
of 1000kV have been constructed in Russia (USSR) and 
Japan, [6]. However these are presently operated at 500kV. A 
massive demonstration project in China is operating a 640km 
long 1000kV transmission line, [7]. 

In a real PV Plant, the PV modules are connected in 
parallel and series. As a series connection increases voltage, 
for the reasons presented above, the design of the plants 
consists of more series that parallel.  

POWER CONVERTER 

The PV cells feed the Electrolyzer, but both these modules 
work at different DC voltages. So we need to step the voltage 
down while preserving the total power – we need a power 
regulator. Conventionally DC power regulation has been done 
by Linear Regulators, but they are slowly being replaced by 
Switching Regulators. A Switching Regulator uses an active 
device that switches storage elements, inductor and capacitor, 
on and off at a fixed rate. The energy stored in these elements 
can then be transformed to output voltages that can now be 
greater than the input. Thus we can say that switching power 
supplies can step-up the input voltage, which we call a Boost 



Converter, or step-down, which we call a Buck Converter. The 
latter is the one used in this work. The switching mechanism is 
typically a transistor oscillating between off-state and 
saturation mode. An ideal device would have no losses as an 
ideal switch would have no current flowing in the off-state and 
zero resistance in the on-state. As the transistor is not an ideal 
switch, there will be some losses, but very few when 
comparing to the Linear device. 

In practice, the output of the Buck Converter will not be 
ripple free. There will be some noise associated with the 
switching, with the same frequency. In order to determine the 
power delivered to the membrane and to give the feedback 
information that changes the Duty Cycle of the switch to 
achieve a constant output current, we need to determine the 
values of current and voltage that the Buck Converter feeds. 
This task is performed by the microprocessor’s 12-bit ADC 
module. But for this measurement to work flawlessly, we need 
to filter this switching noise and amplify the signal so the 
values to be read fall in the ADC reference voltages.  

Figure 6 shows the filter chosen for this purpose. It was 
developed using Sallen-Key topology, valued for its simplicity 
and has a non-inverted output. It is a second order filter for 
better attenuation, and it is Low-Pass in order to block the 
frequency of the noise introduced by the switching. 

 
Figure 6 – 2nd Order Low Pass Sallen-Key Filter 

Where the gain is given by 

A0 =
Ra + Rb
Ra

 

The final schematic view of the power converter module is 
presented next 

 
Figure 7 – Schematic design of the Power Conversion Unit 

 

HYDROGEN STORAGE  

To measure the volume of Hydrogen stored in the column 
a sensor was built, composed of an oscillator whose frequency 

of oscillation depends on a variable capacitor. If a covering of 
a conducting material is applied on the outside of the 
cylindrical tank and a copper wire is introduced on the inside 
by the axis, with the proper connections we have a capacitor. 
As hydrogen is formed and makes its way to the top the tank, 
the column of water is ‘pushed’ down. As liquid water and 
gaseous hydrogen have very different dielectric constants, the 
capacitance of our hand-made capacitor changes with the 
height of the water column. Now the period of oscillation also 
varies, and if we measure it with the microprocessor’s Input 
Capture mode, by choice of a calibration constant we can 
determine the height. To indicate when the tank is full of 
water, a simple mechanism uses the conducting properties of 
water to close a circuit, flaring an interruption in the 
microprocessor. This will be useful for calibration. 

GRID  

As discussed in the first chapter, energy consumption is 
not constant. It is constantly changing within the hours in a 
day, and the days in a year. From the viewpoint of the Power 
Plant this means the load resistance is continuously changing. 
Well, the final consumer in the prototype will be represented 
by a light bulb, which has a constant I-V characteristic, so for 
a given output of the fuel cell, its resistance is constant. But as 
current rises, so does the temperature in the radiating filament, 
and consequently the resistance increases. This means the I-V 
characteristics of the bulb is not linear so the grid’s load 
fluctuations can be mimicked in the prototype by the 
introduction of another power converter between the fuel cell 
and the load. This converter will change the operation point of 
the bulb by stepping down the voltage that leaves the fuel cell. 

V. ENGENEERING DEVELOPMENT TOOLS 

The design of the prototype was made possible by the 
help of various development tools. These were used in 
throughout various stages of the work and will be shortly 
described in this chapter. 

3D MECHANICAL MODELING 

The electrolyzer had to be built from scratch. The 
membrane was purchased online, but the casing had to be 
designed in with this program because of its high specificity. 
The material chosen was Acrylic because it does not react with 
hydrogen, it is easy to work and transparent (which is required 
for the user to be able to see the bubbles of hydrogen so as to 
get a better idea of what is going on). The eight holes close to 
the outside rim are destined for placement of the screws that 
attach this Acrylic plate to another one to form the casing of 
the membrane. An opening was carved in the middle for the 
membrane and the metal lattice (that helps deliver the electric 
power to the membrane) to fit in. Around this central area a 
very thin trench was opened where a rubber ring can be 
introduced to seal the interior. The hexagonal form carved in 
the center is destined for a brass screw that transports the 
electric power from the exterior to the interior of the 
electrolyzer. Finally hydrogen will leave by the other two holes 
(one above and one below the hexagonal screw). To 
manufacture this part I contacted ‘FabLab EDP’, a fabrication 



laboratory, equipped with digital fabrication tools for rapid 
prototyping supported by open source software. It is 
completely free and opened for the general public. The 
electrolyzer casing was manufactured by a CNC miller. 

 
Figure 8 – SolidWorks 2012 design of the acrylic casing for the electrolyzer 

membrane 

SOFTWARE DEVELOPMENT 

As was pointed out in preceding chapters, in order for the 
prototype to be autonomous, it needs a central processing unit 
that performs all kinds of electrical and mechanical operations 
required. In other words, it needs a microcontroller. For 
controlling and acquisition purposes I used the PICNODE 
board, developed by researchers at CNF (Nuclear Fusion 
Centre at Instituto Superior Técnico). This board is a generic 
controller based on Microchip’s dsPIC30F4013 
microcontroller, suitable for real-time control and data 
acquisition. In order to program this microcontroller, MPLAB 
IDE v8.84 was the elected choice. It is a software program to 
develop applications for Microchip microcontrollers. The 
complete C program is presented in Appendix A of the 
dissertation. In order for the user to control the prototype, he 
has to be able to command instructions (e.g. start/end 
electrolysis, start/end reconversion) and to introduce the values 
of some variables (e.g. LED intensity, storage time). For this 
purpose the RS232 serial port of the board is connected a 
computer. The serial console client PuTTY establishes this 
connection. 

CIRCUIT TESTING 

After the theoretical designing and dimensioning of the 
electrical circuits, and before building it in its final real 
application, as their complexity increased, finding a way to 
test it became crucial. To perform this task OrCAD Capture 
and PSpice (both tools available in Cadence Design System’s 
proprietary software tool suite OrCAD Release 16.3) were 
used. The former was used to create the schematic and choose 
component values, while the latter was used for the actual 
simulation of the aforementioned schematic. The Power 
Converter module was tested in this manner. 

PCB DESIGN 

Finally, after successfully passing the initial phases of 
designing, dimensioning and testing, the electric circuit is 
ready for implementation in Printed Circuit Board (PCB) 
format. The tool used for this purpose was the freeware 
program EAGLE 5.11.0 that contains a schematic editor and a 
PCB layout editor that allows back annotation with the 
schematic editor, which means that every component that is 

placed or connection that is made in one of the sides, is 
updated to the other. The PCB layout editor has an auto-
routing feature, but due to some bad experiences in the 
beginning, I chose to hand-route all the traces. After the layout 
is complete, the output file has to be converted to the industry 
standard file format, the Gerber format. These files describe 
the images of the various layers in a PCB (e.g. drills holes, 
board outline, copper layers). With the program CircuitCAM 
3.2 one can import these Gerber files and create the final 
usable format .LMD, which can then read by Board Master, 
the software that supports the PCB printer.  Finally, the 
machine is run and the board is manufactured  

VI. RESULTS AND DISCUSSION 

In order to evaluate the performance of the PV array and 
determine the power that it could be deliver, a study on its I-V 
characteristics was performed. The array was illuminated by 
the Sun on a clear day and tested for various load values. The 
results are shown in figure 9 

 
Figure 9 – I-V Characteristics of the Solar Cell 

Theoretically, the characteristics should have yielded an 
open circuit voltage of !!" = 3! and a short circuit current of 
!!" = 200  !". In fact, the values registered in figure 9 where 
!!" = 2.2  ! and !!" = 320  !". The former was reduced and 
the later increased. According to the discussion in Chapter 3 
of the dissertation, this shows that the temperature effect 
affected the measurements.  

Yet another experiment was performed to better 
understand the efficiency characteristics of the array. By 
varying the duty cycle applied to each colour of the LED 
panel, we can observe that the difference in the efficiency of 
conversion of the panel depends on the wavelength of the 
incident light, 

 
Figure 10 – Voltage delivered to a 4,7 Ohm load by the PV array when 

illuminated by the LED panel 



The power delivered to each LED was calculated by 
measuring the current in each branch of the parallel 
arrangement for each colour. For the red LEDs (629 nm) the 
power was !! = 67,4  !", for the green ones (525 nm) 
!! = 92,1  !" and for the blue (465 nm) !! = 88,0  !". As 
shown in figure 10, the spectral response of a typical 
amorphous silicon cell has a maximum at around 700-800 nm. 
And in the visible region it decreases with the shortening of 
the wavelength. This means that blue should have a lower 
efficiency that green, but these results do not follow that 
pattern. Green LEDs have more power delivered to them when 
compared to the blue ones and, even so, they produce less 
power. But there is another factor that is not being taken into 
account and was not measured. The LEDs have different 
quantum efficiencies. This difference should explain this 
discrepancy.  

CALIBRATIONS  

The filters that measured current and voltage had to be 
calibrated so that their precise gains could be measured. The 
calibration curves used to determine their actual gain are 
presented next. 

 
Figure 11 – Calibration of the (a) current filter and (b) voltage filter that 

measure the power delivered to the electrolyzer by the buck converter 

The curves are very precisely defined, having small fitting 
errors.  They show gains of 9.70  and 1.69 respectively. 

 Furthermore, the height of the water column had to be 
measured so another calibration was needed. Here an 
implementation problem arose. For practical reasons the inside 
electrode of the capacitor (the cathode) was made up of to 
different sections, so the capacitance changed at the boundary. 
To account for this problem, the height was calibrated in two 
separate curves. The result was as follows, 

 
Figure 12 – Water column height calibration curves 

MEASUREMENTS 

With all the filters and height sensors calibrated, finally 
measurements could be made. The ADC measured the current 
and voltage in order to calculate the total power delivered to 
the electrolyzer by our power source, while the height sensor 
measured the volume in real time and, consequently, the 
number of moles being stored.  

The main goal of this measurement was to calculate the 
efficiency of the PEM electrolyzer. In section 2, the formulae 
needed to calculate the efficiency of a fuel cell were 
presented, but in fact the ones needed for the electrolyzer are 
closely related but not the same, mainly because it’s the 
inverse process. As shown in [3], the current efficiency for 
relatively large current densities is almost 100% because the 
effects of diffusion of hydrogen are dwindled. Thus we need 
not take in to account this effect. So the analysis will be 
centred on thermal and voltage efficiencies. The formula for 
the total efficiency of the electrolyzer is thusly 

!E =!th !!u  
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The efficiency was measured during the filling of the tanks, 
and the results are shown in figure 13, 

 
Figure 13 – Real-time measurement of the total efficiency of the Electrolyzer 

Of course in the beginning of the process there is a 
transient regime where it does not make sense to speak of 
efficiency. The purpose of this real-time measurement of 
efficiency is to show that, even though there are some 
oscillations in the end, the efficiency tends to stabilize at value 
between 65% − 70%, which is consistent with the expected 
values discussed in section 2. The small oscillations in the end 
are related to the variations in the delivered power introduced 
by the buck converter.  One last remark will be made on the 
behaviour of the voltage efficiency. As the membrane is fed 
by the buck converter, its temperature varies and its demand 
for current grows larger. As more current is drawn, more 
losses start to occur so, to overcome them, the source has to 
deliver higher voltages. This has obvious repercussions on the 
efficiency as the operating voltage increases in reference to 
the reversible operating voltage. So as current increases the 
voltage efficiency decreases. This behaviour is illustrated in 
figure 14 



 
Figure 14 – Decrease of voltage efficiency with the increase or current 

After storing the hydrogen, the next step was to use it to 
supply power to a load (a small motor that moves a fan) by 
means of the inverse process of electrolysis – the fuel cell. But 
there was a problem with this part of the measurement. The 
only available fuel cell was designed to work at much higher 
power ratings that those needed for our small-scale prototype. 
As was studied in [3], very small current densities lead to very 
low current efficiencies. A big part of the hydrogen supply 
passes through the membrane without reacting – low 
consumption rate. Thus the efficiencies managed in this low 
power regime were very small. Never the less, the study on its 
efficiency was made, but, for future work, a different fuel cell 
needs to be used. 

 
Figure 15 – Real time measurement of the delivered volume of the Hydrogen, 

consumed by the fuel cell 

 
Figure 16 – Power delivered by de fuel cell to the motor 

One can see that the process takes a little while to kick 
off, but at about 15-20 s it finally starts, showing an peak in 
the transient region. Thereafter the delivered voltage decreases 
with time until the supply runs out and there is a final 
transition to zero right about 165-170 s. During these 167 
seconds of operation, the fuel cell consumed 0.00074  !"# of 
hydrogen. Knowing the enthalpy of combustion of hydrogen 
is 285,8  !" ·!"#!!, this amounts too an energy of 211,49  !. 
The integral of the curve in figure 16 is the converted energy – 
!!"# = 6.76  !. This yields a total thermal efficiency of 
!!! = 3.19%. Possible explanations for such a small value 
are: the above-mentioned fact that this fuel cell was designed 
to operate at much higher power ratings and possible losses in 
the tube junctions.  

VII. CONCLUSIONS 

Power Plant incorporated Hydrogen storage shows good 
prospects as a solution for intermittency of renewable sources 
in the near future. But in order to become a standard and 
matured procedure, it still requires a lot of research and 
development in problems like hydrogen storage and overall 
process efficiency. 

This experiment is suitable for the e-Lab because it 
encompasses a great number of very interesting concepts like 
PV electricity generation and hydrogen production and 
electricity generation. It would thus be a helpful tool to better 
understand these concepts. 

This prototype is intended to incorporate the remote 
laboratory e-Lab. An experience in the e-Lab platform is 
composed of three parts: the experimental setup, the 
microprocessor and the driver. The driver connects the 
platform (high level) to the hardware (low level). It receives 
instructions from the user and sends them to the 
microprocessor, and received data from the microprocessor, 
interprets it and shows them to the user in the graphical user 
interface. The present work is focused on the setup and 
microprocessor. The driver will need to be developed in future 
work in order to enable remote control. 

As for the project per say, a lot was accomplished. Even 
so, some of the initial objectives where not met. The biggest 
achievements were the measurement of the electrolyzer 
efficiency (close to 65%) and the measurement of the fuel cell 
efficiency. Also the spectral response of the solar panel was 
studied but in a more qualitative fashion. Here I present a list 
of suggestions for possible future work directions:  

• The LEDs should be balanced in actual radiating power 
with direct measurements, and not by delivered power because 
LEDs have different quantum efficiencies. For future work 
some sensors should be acquired in order to perform this 
calibration. 

• The filter pair (current + voltage) responsible for 
measuring the power delivered to the electrolyzer was very 
well calibrated as shown in figure X. They where extensively 
tested so their results are very much reliable. On the other 
hand, due to time constraints, the filter pair responsible for the 
measurement of the power delivered by the fuel cell to the 
load was not that well tested or calibrated. Further work will 
have to be done to refine these measurements. 

• This works results deemed the fuel cell not apt to work 
at the power ratings used in this prototype. Future work should 
further test this hypothesis and, if it is confirmed, a better-
fitted cell should be acquired. 

• The PID algorithm implemented but not optimized. In 
order to achieve lower ripples in the set point, the algorithm 
constants have to be tuned, for example with Ziegler-Nichols 
Method. 

• The electrolyzer that was used for these measurements 
where borrowed, so a new electrolyzer membrane will have to 
be acquired. 

• This setup is capable of measuring only the volume of 
stored hydrogen. For educational purposes, it would be 
interesting to measure the volume of oxygen n order to 
acknowledge that it is half the volume of hydrogen. This 



should not be difficult to do seeing the software and 
schematics of the sensor have already been developed. 

• In order to prevent water from running to the valves 
and consequently to the fuel cell, a simple circuit was 
supposed to trigger an interruption whenever water reached 
the maximum level and connected to conductors electrically. 
These conductors are place and the software interruption is 
implemented. The only thing missing is the simple circuit 
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