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Abstract

Efficiency improvements of solar cells, growth in photovoltaic cells manufacturing, and declining
prices of solar modules are just a few of the factors that have allowed solar power to break records (320 GW)
in global cumulative installed capacity in 2016. In the energy systems of the future, solar energy will be the
predominant energy source. However, the growth in solar power brings new technical challenges to over-
come. Power intermittency, grid flexibility, and surplus electricity are just a few of the challenges that must
be addressed for the power systems of the future.

In the light of these challenges, this thesis provides new insights in the use of solar energy to produce hydro-
gen via a PEM electrolyzer. In order to achieve this goal, a hybrid power system model of hydrogen produc-
tion using solar power was developed using existing modeling approaches. The system consists of a PV array,
battery bank, PEM electrolyzer, hydrogen tank, and a power control unit.

The results are structured in two parts. First, simulations of three configurations between the panel and
the electrolyzer: (i) direct coupling, (ii)including an MPPT, (iii) including a battery. Second, simulations of
one hundred different sized combinations of PV arrays, a battery bank, and an electrolyzer stack. These
simulations were analyzed for yearly irradiance levels from Delft.

For each of the three different arrangements in the first part, an analysis of energy yields of the PV array,
hydrogen production, system efficiency, and the impact on the electrolyzer lifetime, is performed.

Additionally, Wawa, a lab-scale demonstrator system has been designed. Wawa was successfully built and
tested. Wawa provides a practical hands-on understanding the hydrogen production using solar power.

Based on the simulation results for the multiple configurations, it is clear that the lifetime of the electrolyzer
can be positively affected by including a battery as an energy buffer. An additional conclusion is that the
shape of the irradiance curve plays an important role when sizing the system components.

Hopefully, this research will motivate students to address more in-depth research on how hybrid solar power
systems can help to develop the power systems of the future.
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Introduction

This chapter presents a general framework to explain the importance of this research. First, the motivation
behind the research is introduced by addressing the most important challenges and opportunities of the
enormous growth in photovoltaic electricity. Followed by a section including the research objectives and
questions of this thesis. Then, the research approach of this thesis is presented. Finally, the chapter closes
with a brief outline of the entire thesis.

1.1. Motivation

s owdafink g " o vl ..m“d..r‘fi' "mﬁ.'.._ = ey R |
Something New Under the Sun. It's the Bell Solar Battery, made of thin discs of specially treated silicon, an
ingredient of common sand. It converts the sun’s rays directly into usable amounts of electricity. Simple and
trouble-free. (The storage batteries beside the solar battery store up its electricity for night use.)

~

Figure 1.1: Photography used for the TIME magazine on May 1954 to announce the release of
the first commercial solar panel.[2]
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16 1. Introduction

For the first time in the history of humanity, in 1954, the Bell Telephone Laboratories announced to the world
the successful discovery of a device that was able to convert the sun’s rays into useful electricity. This was the
first commercial solar cell with about an efficiency of 6%. "...This device has great possibilities for telephone
services and all humanity...", quoted the TIME magazine in an article of that year [2].

Sixty-four years later, it turns out that not only the predictions were correct; they even underestimated the
utility of solar panels. Photovoltaic (PV) technology has evolved at an amazing speed in the last decade. Both
lower prices and higher conversion efficiencies have made solar electricity to become more attractive to the
industry and consumers. Steadily, PV technology is becoming one of the most important energy technologies
of our time.

The current record lab cell efficiency, for mono-crystalline silicon solar cell, is 26.7% [64]. The price of PV
systems reached € 1,270 per kilowatt peak (kW) in the German market at the end of 2016 [27]. Furthermore,
Trina Solar, the world’s largest solar module manufacturer, produced PV modules with a total capacity of 5.74
GW in 2015 [61]. In summary, efficiency improvements, growth in manufacturing, and declining prices are
three factors that have allowed the PV technology to break records in installed capacity.

Falling Prices of Photovoltaic Cells

During the last 30 years, the price of solar panels has shown a dramatic decline in price. The cost of solar
panels has decreased by a factor of 250, going from $76 in 1977 to $0.30 per watt in 2015. Figure 1.2 shows
the experience curve of PV technology, also known as the learning curve. This curve reflects the reductions in
costs as a result of technological improvements and economies of scale. In the history of energy technology,
there is no record of such a dramatic decrease in price other than for photovoltaic cells [50].

80 $7600 | § |
g ernnen darrneniad s
2 | | |
g | : |
> 40 il b e s
[Ya) . H ‘
=) : : :
(] i . |
R | : |
i " i "
20 (FROT bommmmmme Arommme e oo
E | $0.30
1977 1985 1995 2010 2015

Time (years)

Figure 1.2: Price history of silicon PV cells. (Redrawing by the author) [35]

Learning rates in photovoltaic technology have experienced a very fast increase. PV modules learning rates
have gone from 18% in 2010 to 22% in 2016. As a consequence, PV modules price dropped 80% since 2010 [11].
In the same period, the average cost of PV electricity from utility-scale fell from $0.36 to $0.11 per kilowatt-
hour (kWh) [11]. Furthermore, the cheapest price ever to supply electricity, a $0.0179/kWh for a 300 MW
photovoltaic plant in Saudi Arabia was received by Electricite de France SA in 2017 [12]. Combining the ex-
cellent solar resources, the supportive governments and high-efficiency PV technology, even lower cost can
be achieved.

When looking at the PV systems cost, the cost of the balance of system (BOS) components is a relevant pa-
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rameter. The PV module has the highest share in the cost price of a PV system at 55%, inverter at 11%, and
34% for the BOS [46]. Under a pessimistic scenario, and considering no module efficiency improvements,
a BOS cost of €39 per kilowatt peak (kW) is expected by 2050. An optimistic prediction for the same year,
prognosticates a BOS cost of €29 per kW,

Even for pessimistic scenarios, assuming no major technological improvements, it is expected that the pho-
tovoltaic industry will continue to experience important cost reductions. Depending on location and solar
irradiance, a power cost of $ 0.04 per kilowatt-hour [46] by 2025 and a $0.02 per kilowatt-hour by 2050 is
expected. Undoubtedly, solar energy is the cheapest forms of renewable energy. According to a report of
Fraunhofer institute from 2015, even a conservative scenario will lead to significant PV growth in the future
[46].

Rapid Growth of Solar Power

Declining prices of solar panels along with the necessity to reduce the world’s CO, emissions create the per-
fect setting for turning the world’s current energy system into one based on solar power generation. During
2016, solar energy was the fastest growing energy source worldwide [34]. For the first time, solar power ex-
ceeded the growth in power generation compared to all other power generation forms. Overall, renewable
energy sources represent more than three-quarters of the newest electricity additions in 2016 [15]. Further-
more, according to the prediction of the International Energy Agency(IEA), the capacity will significantly grow
further in the next five years [14].

80 | é 1
B Non IEA PVPS countries ! !
. M IEA PVPS countries
= M usa | 1
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> China | |
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o | | |
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Figure 1.3: Evolution of annual PV installations. (Redrawing by the author) [17]

From 2015 to 2016, the PV installed capacity increased 33%, going from 227 GW to 320 GW of installed capac-
ity. [38]. This was a record in the history of the PV industry. This growth turned the PV technology into the
fastest growing energy source in 2016, beating coal and gas with 75 GW of net additions. Leading the new PV
installations was China with almost 50% of the installed capacity in 2016. Japan (42.8 GW), Germany (41.2
GW) and the United States (40.3 GW) follow China closely in the total cumulative installed capacity [54]. New
to the PV industry are the developing countries as PV is a solution to the strong demand for electricity in rural
areas where an electrical grid is lacking. However, due to their lack of financial sources, growth is limited in
those countries (see Fig. 1.3).
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Worldwide, the PV installed capacity accounts for approximately 1.8% of the electrical power demand of the
planet [17]. Overall, coal is still the biggest electricity generation fuel with 9000 TWh. However, from 2015 to
2016 the electricity generation from renewable sources saw an increase in 6.8%, from 5627 TWh to 6012 TWh,
mainly due to solar power [51]. In other words, the world’s PV installed capacity keeps growing year after year
which shows that renewable energy sources will become the dominant energy suppliers of the future.

Climate Change
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:G - === et Office Hadley Centre and Climatic Research Unit |
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Figure 1.4: Global average temperature anomalies (1961-1990 reference period) for the three major data sets used in this Statement.
The grey shading indicates the uncertainty in the HadCRU dataset. (Source: UK Met Office Hadley Centre)(5]

The planet is warming up. The production of energy by burning fossil fuels has been the primary source of
carbon dioxide (CO3) emissions for hundreds of years. Water vapor and CO; are the greenhouse gases mainly
responsible for global warming. Global temperatures have continuously risen during the last century. During
2016, the global average temperature was 0.99 degree [5] Celsius warmer than in the mid-20th century (Fig.
1.4). This temperature increase made 2016 the hottest year on historical global record.

The increasing levels of carbon dioxide concentration in the atmosphere is one of the biggest challenges
modern society is facing. According to the National Oceanic and Atmospheric Administration (NOAA), the
carbon dioxide concentration will keep increasing year after year. From 2016 to 2017, the CO, levels increased
from 404.42 ppm to 406.82 ppm [26]. The increment in 2.8 ppm in one year is relatively high. The latest similar
increase was in 1998, with an increment of 2.7 ppm related with a strong El Nifio year [4]. Atmospheric CO;
concentrations are increasing 100 times faster than at the end of the last ice age (see Fig.1.5). Population
growth, intensive agriculture, deforestation and increase in worldwide energy use are some of the causes for
CO,, rise concentrations.

Further, higher CO; levels means higher global temperature, melting glaciers, rising sea levels and more ex-
treme weather events. One of the most destructive weather events on record was the Atlantic hurricane sea-
son in 2017. Hurricanes Harvey, Irma and Maria generated massive destruction in North America. Water
and electricity services were not operational for days. Roads were completely destroyed and communication
services were shut down. Recovery from such natural disasters will take years, and if temperatures keep ris-
ing, the frequency and intensity of similar events will be significantly higher. The effects of climate change
are frightening and CO, emissions need to stop. Responding to climate change involves a committed society
where politicians, educators, and researchers all are part of it.

The most important United Nations Climate Change Conference was hosted in Paris on 12 December 2015.
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The output of the conference was the global agreement of 195 nations to combat climate change. The agree-
ment comprises the country’s intention to dedicate its efforts to mitigate climate change. The overall goal is
to keep the increase of global average temperatures below 2°C. To achieve this goal, nations around the world
need to take serious action regarding their pollution levels. Since most of the worldwide energy production
is still based on fossil fuel sources, renewable energy generation is a key factor to reduce greenhouse gases.

Many countries support the initiative to an energy transition by implementing policies, and ambitious pro-
grams towards a CO; reduction. Producing energy from renewable sources is an efficient way to reduce CO,
emissions. Denmark, for example, has set a target of 100% renewable energy production by 2050 [6]. The
strategy to reach this goal is by redesigning the national energy policies motivating the industry to invest in
long-term renewable energy technologies.
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Figure 1.5: The relentless rise of carbon dioxide in the atmosphere (Source: NASA. Redrawing by the author) [13]

Japan has also set ambitious goals. The country’s proposal includes a target of emission reduction by 25.4%
by 2030 taking the year 2013 as a reference. The country’s main effort to reduce emission is by investing more
in renewable energy technologies. Taking advantage of the least expensive and vast water surfaces in Japan,
Kyocera Corp. has begun the construction of the world’s largest floating solar plant. The total power output
will be 13.7 MW using 51000 Kyocera solar modules over a surface of 180000 m? [8]. This capacity represents
a yearly amount of 8170 tons of CO, savings into the atmosphere. Furthermore, Japan is working towards a
hydrogen society. One of its goals is to reduce the cost of hydrogen to one-fifth of current price by 2050 [7].
The idea behind this strategy is to increase the use of fuel cell vehicles (FCV) on the roads. It is expected to go
from 40000 FCV in 2020 to 800000 FCV in 2030[7]. Japan’s ambition is to become the world’s leading fuel cell
market in the near future.

The Green Refinery is another example of a great commitment to climate mitigation. The world’s largest dy-
namic hydrogen electrolysis plant was inaugurated in Germany at the end of 2017 [9]. The heart of the plant is
a water polymer electrolyte membrane (PEM) based electrolyzer with 5 MW of electric capacity correspond-
ing to a 10 million euro investment. Also, it is expected the plant saves 2500 [10] tons of carbon output per
year. The term "dynamic" means that the electrolysis process will take advantage of every surge in electricity
production from wind or solar power plants. Currently, 2% of potential electric power is dumped in Germany
because of the mismatch between supply and demand of electricity. The project brings the concept of "Green
refinery" which is a clear example of a holistic approach to tackle climate change by reducing CO, emissions,
increasing the use of renewable energy technologies, and enhancing the power grid stability.

The problem is clear. The Earth is warming up and it is crucial to stop it. Leaders around the world have
agreed to mitigate climate change. A solution to this problem is to switch to solar energy and get rid of fossil
fuel power generation. Producing electricity by solar photovoltaic panels allows declining both dependency
on fossil fuels and CO, emissions. The abundance of solar energy over the earth is huge. Approximately, an
average of 174.7 W/m? of solar irradiance [62] is falling on the earth surface, which represents a theoretical
solar potential of 89,300 TW. The worldwide energy consumption can be covered 10000 times.



20 1. Introduction

In conclusion, the growth of solar PV power is as a fact supported not only by its vast potential, the industry
growth, and the decreasing price but also by the imperative necessity to reduce CO; emissions as an ethical
and moral responsibility to all life on Earth.

1.2. Challenges of a New Era for Solar Power

The fast-moving solar power revolution occurring around the world has brought many positive impacts, both
environmental and socioeconomic. However, the intermittent nature of solar energy has become a limiting
factor. Related to that, there are two main challenges to tackle: negative prices and grid inflexibility

Challenge 1: Negative Market Prices

When power production exceeds the electricity demand, negative electricity prices can be triggered. With
traditional fossil fuels, this can be controlled by simply changing the speed of the power generators. With so-
lar power, this feature is not possible, since it depends on the irradiance conditions. When PV panels generate
too much power, an adverse effect rises by oversaturating the grid. During those moments, solar electricity
production exceeds the required production limits, creating an electricity surplus during low electricity de-
mand moments. As a result of this, negative electricity prices are triggered in the electricity market, during
those moments (see Fig. 1.6). An example of this happened in 2016, where German electric companies had to
pay consumers to use electricity for few minutes in the day [63]. The same happened in California, US, during
July 2017. The sun generated so much solar power that California power suppliers needed to pay consumers
in another state to take the excess of electricity. This decision was made to avoid the overloading of the power
grid [52].
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Figure 1.6: Power production in California, over the course of a day that shows the timing imbalance between peak demand and
renewable energy production [39]

Challenge 2: Grid Inflexibility

The intermittent nature of solar energy makes it difficult to control its generated power completely. The fact
that solar energy depends on external factors to generate power makes it difficult to control the power flowing
into the grid. This means that during moments of low irradiance levels, the power-grid administrator cannot
rely on the solar plant generators. On the other hand, during a sunny day in summer and low electricity
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demand, the grid operator cannot easily stop the solar power generation. Hence, the inflexibility of the grid
limits the penetrations of more solar power.

The difficulty associated with integrating variable sources of electricity stems from the fact that the power
grid was designed around the concept of large, controllable electric generators. The power grid has minimal
storage capacity and without a continuous balance between electricity supply and demand, the system will
experience a blackout.

Intermittent renewables are challenging because they disrupt the conventional methods for planning the
daily operation of the electric grid. Their power fluctuates over multiple time horizons, forcing the grid op-
erator to adjust its day-ahead, hour-ahead, and real-time operating procedures. The prediction of how much
additional electric generation will be produced during the next hour of the day, becomes a very complex
problem. This creates an undesirable uncertainty in the power system that limits the capability to calculate
exactly what the output of each panel will be. Fast fluctuations in output from solar energy do disrupt not
only the hourly load of grid planning but also the second-to-second balance between total electric supply
and demand. This causes that the grid operator has more reserve power ready to respond all the time to en-
sure the grid remains balanced. This intermittency compensation strategy represents a very high cost to the
grid operation. Hence, a massive solar power implementation will not only disrupt the grid operation but
also create a high operational cost associated with the uncertainty of solar power generation.

Summing up, there is a lack of strategies to manage the clean and intermittent energy being added to the grid.
For the utility companies, an increase in installed PV panels means more electric power flowing into the grid.
This increase introduces new challenges from technical, economic and regulatory perspectives. Negative
electricity prices and grid inflexibility are challenges that need to be tackled in order to allow a massive solar
PV power implementation.

1.3. New Opportunities in Photovoltaic Research

In the future it is expected to have more renewable electricity generation, the frequency of having negative
prices may also increase. The surplus energy events in Germany and California highlight the necessity to find
solutions to reduce the intermittency and inflexibility of power systems that lead to negative market prices
due to renewable energy sources. Solutions for those challenges have already been proposed. The most
promising ones are: (1) Integration of storage battery systems, (2) Alleviating power systems by producing
fuel in an electrochemical process (electrolysis) and (3) Integration of hybrid power systems. Those three
opportunities are further described in this section.

Opportunity 1: Battery Systems Integration

An already existing and mature solution to tackle the challenge of an inflexible power system is the use of
large-scale battery systems. Batteries allow the storage of excess electricity to be used during times when
there is a lack of sunshine. Using batteries allows the power operator to improve the grid flexibility by storing
the excess of energy instead of turning off the power plant or triggering negative prices.

Since 2014, new large-scale storage projects started to develop all around the world, incentivized by the de-
creasing prices of batteries (see Fig. 1.7). A total installed battery capacity of 1650 MWh was predicted by the
end of 2017, according to a report published by the Bloomberg New Energy Finance group [25]. Last year’s
battery price reduction along with the increase of large-scale projects make the battery technology a feasible
solution to tackle the challenge of inflexible power systems. However this alternative is limited to short pe-
riods of time, and the effectiveness of this solution is a function of the electricity prices during charging and
discharging periods [37].

Opportunity 2: Electrolysis Systems Integration

Electrolysis is another promising alternative to alleviate power grid and energy storage as it consumes the
electricity delivered directly from the solar panels and uses it to produce hydrogen gas. Hydrogen is an energy
carrier, and it can be used in many ways. For instance, hydrogen can be used directly to run a fuel cell and
generate electricity. In addition, it can be combined with nitrogen to produce ammonia. Another promising
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Figure 1.7: Battery price drop [25]

alternative is to let hydrogen react with carbon dioxide to produce synthetic natural gas. The concept of using
electricity to generate hydrogen and let it react with carbon dioxide is known as Power-to-Gas (P2G).

Power-to-gas demonstrates that electrolysis is a promising alternative to solar electricity consumption and
can alleviate pressure on the power grid and improve the balance within electrical systems. At the same
time, it promotes the reduction of CO; by incentivizing the use of more renewable energy. Consequently, the
concept of P2G is an alternative to effectively use the excess of renewable electricity instead of dumping it or
creating negative electricity price.

Opportunity 3: Hybrid Power Systems Integration

Another alternative to tackle the fluctuating nature of renewable energy sources is the use of a hybrid power
system. This kind of system involves a combination of more than one energy source. For instance, solar
energy as the primary source and fuel cells as a controllable secondary source. This type of systems also in-
cludes components like, battery bank, electrolyzer units and extra power electronics. The main characteristic
of those systems is the possibility to control the energy fluctuations of the primary source. By this, the system
becomes more efficient and reliable. Challenges for hybrid power system include the development of power
control management that is able to quickly respond to any load fluctuation.

1.4. Research Questions

The primary objective of this research is to gain fundamental insights into the promising process for hydro-
gen production using solar power. A second objective is to provide some general design rules of a solar-to-
hydrogen system, along with the performance assessment of each component and the whole operation of
the system. Literature review shows that there is a limiting knowledge about the sizing of each of the com-
ponents in a solar-to-hydrogen system and also for the assessment of its performance. There is a need to
understand how the solar-to-hydrogen system performs and what critical parameters need to be considered
when designing such a system. Consequently, power suppliers, engineers, and students would benefit from a
more profound knowledge of the specific operation and limitations of a solar-to-hydrogen system. Thus, the
central research question of this study is:

How to gain fundamental understanding in the design, operation, and assessment of
a system for hydrogen production via PEM electrolysis using solar panels?
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To be able to answer the main research question (RQ), the following sub-questions have formulated:
* RQ 1: Which components need to be considered when designing a solar-to-hydrogen system?

¢ RQ 2: How does the irradiance levels affect the system performance when producing hydrogen with
solar power?

* RQ 3: What is the impact of using a battery unit in a solar-to-hydrogen system?
* RQ 4: What are the critical parameters when producing hydrogen via PEM water electrolysis?

¢ RQ 5: What are the sizing guidelines for a solar-to-hydrogen system?

1.5. Research Approach

With regard to the research questions, two research approaches are developed: (1) a data analysis research
approach, and (2) a quantitative experimental approach. The research approach focused on data analy-
sis is based on computer simulation results. The performed simulations are taken from a computational
model replicating a solar-to-hydrogen (S2H) system. The model contains the main components of a S2H
system allowing to understand the relationship of variables such as irradiance, voltages, currents, battery
state of charge, temperatures, gas production, and water consumption. The model was developed using
Matlab/Simulink based on the physical theory behind each component.

The quantitative experimental research approach was done by designing and building a small-scale hydrogen
production system. The design includes two multi crystalline silicon solar module (300 W), each), a battery
bank of two 24 V-70 Ah lead-acid battery, a charge controller with a maximum power point tracker (MPPT),
a single cell PEM water electrolyzer (120 W rated power), and a house-made printed circuit board using an
Arduino microcontroller. Additionally, the system includes some supplementary components to connect
and sense the system signals. The experimental setup may also be used in further laboratory applications to
help and motivate students to learn about the system energy flow, the system efficiency, and implementing
interesting system configurations for different working conditions.

The present thesis was developed adopting the two above described approaches to explore more about the
hydrogen production using solar electricity. The computer modeling allows a fast and easy simulation for dif-
ferent system configurations. And, the experimental research allows a hands-on investigation of the system
operation.

1.6. Thesis OQutline

Chapter 2 provides a theoretical background of fundamental concepts about solar energy and water electrol-
ysis. Also, an overview of previous studies and their key results along with the challenges involved to produce
hydrogen via electrolysis using solar electricity (to answer RQ 1).

Chapter 3 describes the components used to build the experimental setup and the general guidelines for the
system operation. (to answer RQ 4).

Chapter 4 presents the developed model for each component of the system using Matlab/Simulink, and the
description of the performed simulations in this thesis. The chapter closes describing six-non dimensional
factors to assess the system performance (to answer RQ 1, RQ 5).

Chapter 5 presents the results of the computer simulations. Three main system configurations were ana-
lyzed: (1) system operation for direct coupling, (2) system operation including an MPPT, (3) system operation
including a battery bank. Additionally, simulations of several combinations of several size components to
evaluate the system performance by using six non-dimensional sizing factors (to answer RQ 2, RQ 3, RQ 4).

Finally, Chapter 6 closes with the concluding results generated by this study, thus answering the central re-
search question.
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This chapter starts introducing the basics concepts of solar cells and its operational principles. Next, the
fundamental electrochemistry and thermodynamic concepts of water electrolysis are introduced. Then, the
hydrogen production using solar electricity is presented. Additionally the concept of power-to-gas along
with its main characteristics and advantages is introduced. Furthermore, a compilation of selected studies
discussing: (1) performance, (2) operation, and (3) designing aspects of solar-to-hydrogen systems are pre-
sented. Finally, the importance of this thesis research is presented.

2.1. Photovoltaic Basics

2.1.1. Solar Radiation

Occupying more than 99.68% [57] of the total mass in the solar system, the Sun, is the biggest and closet star to
us. Nuclear fusion reactions, taking place in the core of the Sun, are responsible of all its energy. The Sun emits
some of its energy to the entire universe as electromagnetic radiation. Ideally, the Sun can be considered as a
black body with a temperature of 5800 K.
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The amount of solar radiation reaching the Earth at the outside of the atmosphere is approximately 1362
W/m? [60]. When the solar radiation penetrates the Earth’s atmosphere, it gets attenuated. The air and dust
in the atmosphere are responsible of the solar irradiance reduction. Also, the relative position between the

25
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Earth and the Sun, highly influence the intensity of solar irradiance. This reduction in solar irradiance can
be quantified by using the concept of the Air Mass (AM). For space applications, the air mass coefficient
is referred as AMO. The reduced spectral illumination after traveling through the atmosphere, in a plane
perpendicular to the Sun’s direction is defined as AM1.0. This spectral conditions change by the angle § with
the zenith as illustrated in figure 2.2.

The actual amount of solar radiation over a specific location in the Earth’s surface is extremely variable. Thus,
some reference conditions has been establish for evaluation and comparison purposes, of solar cells. These
conditions include spectrum, intensity and temperature with values of: AM1.5 spectrum, 1000 W/m? and a
cell temperature of 25°C.

The variations of the solar spectrum are important for the design and optimization of solar cells. For a differ-
ent wavelength region in the solar spectrum, a different solar cell technology might be more suitable, based
on the bandgap energy of the photovoltaic active material. Also an understanding of the solar irradiance
availability is important for an optimal design of a photovoltaic system.

2.1.2. The Solar Cell

Sunlight
Front contacts

Depletioniregion
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Figure 2.3: Simplified representation of a solar cell. (Redrawing by the author) [57]

The energy from the sun can be directly converted into electricity by using a solar cell. A solar cell is an
electronic device made from a semiconductor material. Crystalline silicon is one of the most used materials
for solar cells. Almost all solar cell consists of essential layers to make it operate as a solar cell. The layers
of a solar cell contains junctions of different materials or doping. Doping is a technique used to change the
concentration of either the electrons or holes in semiconductors. For instance, increasing the electron density
creates an n-type material. On the contrary, the absence of electrons in a material creates holes. A material
with holes as majority charge carriers is called p-type [57].

A simplified structure of a conventional solar cell consist of few essential layers to make it operate as a solar
cell. First,as a central layer, a crystal silicon absorbent. Between this layer, a p-n junction is located in each
side, to separate the light-excited carriers. To collect the electrons, a metal contact on the front and back side
is located. Figure 2.3 represents a simplified silicon based solar cell.

2.1.3. Working Principle of Solar Cells

Useful electricity can be directly generated by a solar cell, when it is exposed to electromagnetic radiation.
The principle behind that phenomenon is called the photovoltaic effect [57]. This is, the generation of an
electric potential difference at the junction of two different semiconductor materials, when this is exposed to
light.

The photovoltaic effect can be explained in three simple processes: (1) generation of charge carriers, (2) sep-
aration of the photo-generated charge carriers, and (3) collection of the photo-generated charge carriers.
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First, charge carriers are generated when a photon is absorbed in a p-n junction. Those charge carriers are
electron-hole-pairs. The charge carrier generation is possible when the photon energy (Epy) is higher than
the bandgap energy (Eg) of the material [57].

Second, the excited electron-hole pair will try to find its equilibrium state by recombining. This means that
the energy in the material will be lost. To avoid this, a semipermeable membrane, inside solar cell, collects
the electrons into the n-type, and holes in the p-type.

Finally, the electrons are collected at the metallic electrodes of the solar cell. As a result, an electrical current
is deliver by the solar cell, when this is connected to a load [57]. Figures 2.4 and 2.5 show the basic steps of
the solar cell operation.
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Figure 2.5: Illustration of the basic steps in a solar cell. | Absorption
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2.1.4. External Parameters of Solar cells

Solar cells are characterized by four main parameters: (1) the short-circuit current density, (2) the open circuit
voltage, (3) the maximum power, and (4) the fill factor. Further, these parameters are tested at standard test
conditions and can be represented in a current voltage (I-V) characteristic curve.

Short Circuit Current (J.)

The current density delivered by a solar cell at 0 V bias is defined as the short circuit current density J.. This
current is generated when the electrodes of the solar cell are short circuited. This value highly dependent on
the photon flux over the solar cell, the area and the material properties of solar cell [57].

Open Circuit Voltage (V)

The voltage under open circuit conditions of a solar cell is referred as the open circuit voltage [57]. This
value is the voltage at which no current flows through the external circuit. The V,, depends on the material
properties and photocurrent density. The V. value can be calculated using Eq. (2.1)

Vw:ﬂln(ﬂﬂ)zﬂln(ﬂ) 2.1)
q Jo q Jo

where, kg = 1.38x10722J/K, is the Boltzmann's constant, g = 1.602x10~'9C, is the elementary charge, T is the
cell’s temperature in kelvin (K), J,y, is the photo-generated current density and J, is the saturation current.
The approximation, in Eq. (2.1), is justified because Tpn >>Jo [57].
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Maximum Power (P,,,;)

The maximum produced power P, from a solar cell is the operational point of the solar cell at which V x I
maximizes. This point is where the solar cell can deliver its maximum electrical power at a certain level of
irradiance.

Fill Factor (FF)

The fill factor is defined as the ratio between the maximum power generated by the solar cell and the product
of the open-circuit voltage and short-circuit current [57], as shown in Eq. (2.2). Where, Ppax = Jmpp Vinpp
stands for the power at the maximum power point (MPP). The fill factor provides a relative quality index of
the solar cell. For instance, the best crystalline silicon solar cell, has a FF=0.846, achieved by Yoshikawa [64].
For different technology, like GaAs solar cell, a FF=0.89 has been achieved [57].

Prax

FF =
JscVoc

(2.2)

2.1.5. Solar cells performance

The performance of a solar cell is evaluated by its efficiency. This parameter is equal to the ratio between the
energy output delivered by the solar cell, and the input energy from the sun (I;,), as shown in Eq.(2.3). The
efficiency is the most commonly used parameter to compare the performance of one solar cell to another. The
efficiency of a solar cell can significantly change for different temperature and irradiance conditions. Thus
the efficiency is measured under the standard test conditions. The highest efficiency record for a crystalline
silicon solar cell is 26.6% [64].

_ Prax _ JscVocFF
Iin Iin

(2.3)

2.2. Fundamentals of Electrolysis

2.2.1. Redox Reaction

Oxygen gas, O,

Water, H;O Hydrogen gas, H;

Figure 2.6: Electrolysis of water. Water decomposes into its component elements, hydrogen and oxygen, when an electrical current is
passed through it. The volume of hydrogen, collected in the right test tube, is twice the volume of oxygen.[20]
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Electrolysis is the electrochemical process to split water into hydrogen and oxygen. This process involves
a reduction-oxidation reaction. In general, an electrolyzer is composed of an anode (positive electrode), a
cathode (negative electrode) and an electrolyte. For starting the electrolysis, a voltage must be applied be-
tween the two electrodes. Under applied voltage, the positively charged ions migrate to the negative elec-
trode, where these gain electrons and are reduced. Conversely, negatively charged ions move to the positive
electrode losing electrons and oxidizing. As a result, hydrogen is generated in the cathode and oxygen in the
anode. The governing reaction of electrolysis is expressed by Eq. (2.4). Figure 2.6 illustrates a simple setup of
the water electrolysis .

H>Oq) — Hag) + 1/zOz(g) (2.4)

Based on the type of electrolyte, there are three main type of electrolyzers: (1) alkaline, (2) proton exchange
membrane (PEM) , and (3) solid oxide. Depending on the nature of the electrolyzer (acid or basic), the anode
and cathode experience different reactions. Table 2.1 summarizes the electrochemical reactions occurring in
the three types of electrolysis. Figure 2.7 shows a schematic representation of the three electrolyzer configu-
rations and the direction of the reactions. A short comparison between alkaline and PEM is shown in table
2.2.

Table 2.1: Anode and Cathode reactions for three type of electrolyzers

Alkaline PEM Solid Oxide
Anode 40H™ = 2H,0+4e  +0, 2H,O—4H" +4e +0, 20° —4de  +0,
Cathode 4H,O+4e” —40H +2H, A4H'+4e” —2H, 2H,0+4e” —20% +2H,
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Figure 2.7: Schematic representation of different water electrolysis for water splitting. [24]

Understanding the nature of reactions and the technology of the electrolyzer is important to select the most
suitable method. Temperature and pressure are two important parameters to keep in mind when choosing
the electrolyzer. Also, size lifetime and price are important parameters when selecting the electrolyzer tech-
nology.

2.2.2. Electrochemistry and Thermodynamics

From the electrochemical perspective, the energy required for water splitting can be obtained from the stan-
dard potentials, for the two half reactions. The standard potential measures the ability of an element to start
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Table 2.2: Comparison of water electrolysis methods [22]

Parameter Alkaline electrolyzer PEM electrolyzer
Cell temperature (°C) 60 - 80 50 - 80

Cell pressure (105 Pa) (bar) <30 <30

Current density (mA cm™2) 0.2-0.4 0.6-2.0

Cell voltage V 1.8-2.4 1.8-2.2

Power density (mW cm™?) <1 <4.4

Efficiency (HHV) (%) 62 - 82 67 - 82

Specific energy consumption

stack (kW h) (Nm3) 4.2-5.9 4.2-5.6
Partial load range (%) 20 -40 5-10
H2 production rate (Nm3 h™') <760 <10
Lifetime stack (h) <90 000 < 20000
Degradation rate (mV h™!) <3 <14

reducing at 1 atm and 298 K. For a PEM electrolyzer, the reactions and standard potentials for the anode and
cathode are given by expressions (2.5) and (2.6).

Anode: 2H,0—4H* +4e” + Oy E°=-1.23V (2.5)
Cathode: 4HY +4e” - 2H, E°=0V (2.6)

Then, the standard cell potential (E°) for the complete reaction of water electrolysis is given by the equation
2.7

E°= Eocathode - Eounode =123V (2.7

At standard conditions, water splits into hydrogen and oxygen when a voltage of at least 1.23 V is applied to
the electrodes. This potential is the reversible voltage required to split water electrolytically [22]. This means
that all the energy supplied to the reaction will be maximized to only split water with zero heat losses. The
second law of thermodynamics tell us that this will never occur. The reversible voltage is related to the Gibbs
free energy (AG°) by the equation (2.8).

a AG°
" nF

EO

(2.8)

where, n= 2, is the number of electrons involve in the reaction, and F=96485 C/mol, is the Faraday’s constant.
Substituting values in equation (2.8) results in a Gibbs free energy value of AG°=237.22 kJ/mol [48].

From the thermodynamic perspective, the energy needed to split water can be determined by the change
in enthalpy (AH?). This energy involves the internal energy of the system (AG°), and the amount of energy
transferred as heat (TAS?). The thermodynamic relationship is expressed by Eq. (2.9).

AH® = +TAS° (2.9)

AG°
~—— ——
electricity  heat

By application of equation (2.9), the Gibbs free energy AG°= 237.22 kJ/mol, and the ideal entropy (AS° =
0.163kJ mol™* K1) of gaseous water at standard conditions (298 K and 1 atm) [48], the standard entalphy
change of formation of liquid water results in a value of AH? = 285.8 kJ/mol.

The electrical potential related to enthalpy energy change is commonly called thermoneutral voltage (V)
[24]. Using AH? in equation (2.8), the thermoneutral voltage to split water, at standard conditions, is V¢, =
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1.48 V. This value represents the global energy required for the reaction to occur. An electrolyzer with oper-
ating voltage equals to 1.48 V would be 100% efficient. In reality, a further potential needs to be applied to
accelerate the reaction to a practical rate.

Summarizing, the thermoneutral (V°;,) and reversible (E°) voltages establish the conditions for the electrol-
ysis process. When the applied voltage is lower than the reversible voltage (V,.;; < E°), the reaction does
not occur. If the applied voltage is between V?, and V;,,, extra heat is required to operate the reaction.
And when the applied voltage is bigger than the thermoneutral voltage (V,.;; > V;,) the reaction occurs and
produces heat [24].

Figures [2.8 and 2.9] illustrate the temperature dependence of the energy and voltages involved during wa-
ter electrolysis. The increase in thermal energy during water electrolysis is compensated by the decrease in
electrical energy in the process.
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Figure 2.8: Temperature dependence of main thermodynamic
parameters for water electrolysis at 1atm. [48]

Figure 2.9: Thermodynamic and enthalpy water splitting voltages
as a function of operating temperature at latm. [48]

Nerst Equation

All the thermodynamic values in equation (2.9) are temperature and pressure dependent. For conditions
different than 1 bar and 298 K, the voltage to start the reaction significantly changes. The effect of pressure
and temperature in the reversible potential can be evaluated by using the Nerst equation [24], expressed by
Eq. (2.10)

RT
th =E°+—1In

oF (2.10)

[P, 1po,)"
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where, T is the temperature in kelvin (K), R=8.314 J- mol™!- K1 is the universal gas constant, and p, are the
partial pressure of each of the species.

2.2.3. Kinetics Aspects

Practically speaking, to produce hydrogen from water a voltage significantly higher than the reversible po-
tential is needed. As current density increases the cell losses due to membrane, electrode, and interfacial
resistances become more important and are known as overpotentials (AV) [55]. This, results in a overall cell
potential (V,.;;) equal to the standard potential (E°), plus the overvoltage (AV). The overvoltage has three
main components: (1) activation, (2) concentration, and (3) ohmic, as presented in Eq. (2.11)

Veell = Votn+AVuct+AVcon+AVohm (2.11)
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Ohmic Overpotential

The ohmic overpotential (AV,,,) is mainly caused by electrical resistance in the conductors, the electrodes
and across the proton exchange membrane. The membrane cause a resistance to the hydrogen ions passing
through it. This resistance is related to the humidification, thickness and temperature of the membrane [47].
The energy loss regarding to ohmic voltage is transformed into heat during the electrolysis process, which
most of it is carried out by the reactant water. The relation between voltage and current is relatively linear,
defined by Ohm’s law as Vi, = ie - Ronm, Where, i, is the electrolyzer current; and Ry, is the equivalent
resistant in the electrolyzer.

Activation Overpotential

The activation overpotential is a measure of the activity in the electrodes [47]. The activation overpotential
(AVy¢;) is caused by the reaction interface between anode/membrane and cathode/membrane. Both anode
(n4) and cathode (1) overpotentials, represent irreversible losses and become dominant at lower current
densities in a PEM electrolyzer [55]. The activation overpotential in a PEM electrolyzer is much smaller in the
anode than in the cathode [47]. Equations (2.12) and (2.13) are empirical expressions developed to determine
the activation overpotential in function of the current density for both anode and cathode [55].

RT I ( d ) (2.12)
= n{— .
Na aqzF igo
RT i
Ne = ln(—. ) (2.13)
aczF ico

where, ay, are the electron transfer coefficients of each electrode, iy, ,, are the exchange current densities in (A
cm™2) for each electrode and i, is the current density of the stack in(A c¢m™2). The electron transfer coefficient
is a measure of the symmetry of the activation energy barrier and can range from 0 to 1 [19].

Concentration Overpotential

The concentration overpotential (AV,,,) is caused due to the mass transport limitations. This transport limi-
tation involves the depletion of charge-carriers at the electrode surface. At lower current this potential can be
neglected, however at significantly higher currents when the reactions are at higher rate, the concentration
overvoltage becomes relevant. The concentration overpotential can be neglected during normal operation
conditions, because the gas transport limitations in PEM electrodes are insignificant [47]

Understanding the kinetics involved in water electrolysis is important to reduce losses, and make the process
more efficient. Furthermore, reducing the overvoltages can lead to significant energy savings in the hydrogen
production. The three main overpotentials involved during water electrolysis are graphically represented by
the I-V characteristic curve of the electrolyzer as shown in Fig. 2.10.
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Figure 2.10: Polarization curve depicting three main losses attributed to PEM electrolysis cell operation. (Redrawing by the author)[47]

Polarization Curve
The operation of an electrolyzer is characterized by the current density and voltage (I-V) curve or also known
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as polarization curve. This curve includes information of the potentials and currents involved during the
electrolysis process at specific temperature and pressures. For a PEM electrolyzer the characterization is
made at 1 atm and 298 K. Three main regions, representing the energy losses, are identified in a polarization
curve: (1) activation losses, (2) ohmic losses and (3) mass transport or concentration losses. Figure 2.10
depicts the losses attributed to a PEM electrolyzer.

2.2.4. Efficiency

The efficiency of a water electrolyzer is equal to the ratio between the energy content in the produced hydro-
gen and the electrical energy supplied to the process. The energy content in a specific amount of hydrogen
can be calculated by using the molar higher heating value (HHV=283.6 kJ/mol) [53]. This value is the amount
of energy produced per number of molecules, by the complete combustion of hydrogen. The energy effi-
ciency of the electrolyzer (1,;) can be calculated by Eq. (2.14).

i, - HHV

(2.14)
Piy

MNel =

where, 11y, is the molar rate of hydrogen produced in (mol/s), P;, = i. - Ve is the total power supplied to
the electrolyzer in kilowatts (kW). An alternative version for the electrolyzer efficiency as its voltage function
(Veern), is given by Eq. (2.15).

(2.15)

Hydrogen mass flow rate

The amount of hydrogen produced, by water electrolysis, is directly proportional to the electrical current
passing through the electrolyzer. According to the second Faraday’s law, the hydrogen mass flow rate (ri1y,)
can be determined by Eq. (2.16).

. My, -ic-nc
my,=——— 2.16
Hy n-F nr ( )
where, i, is the electrical current ampers (A), Mpy,=2 g/mol is the molar mass of hydrogen, 7, is the number
of cells in the electrolyzer, n = 2 is the number of electrons in the reaction, F is the Faraday’s constant, and n g
is the Faraday’s efficiency.

Faraday’s Efficiency

The Faraday’s efficiency (nr) is a parameter to assess the utilization of electrons during the water electrolysis
[49]. It is calculated as the ratio between the experimental and the theoretical volume of produced hydro-
gen. When all the supplied electrons, during the reaction, are producing only hydrogen and oxygen, ng = 1.
This occurs when the electrodes are very well resistant to corrosion and behave completely stable during the
reactions. Electrodes resistant to corrosion are important in order to produce very pure hydrogen during
electrolysis. The Faraday’s efficiency can be calculated according to the empirical expression given by Eq.
(2.17), where, i, is the electrolyzer current in (A).

— - (2.17)
i i2

0.09 755
nr =0.965exp ( )

2.3. Hydrogen Production from Solar Power

Up to now, this chapter has described the principles of solar energy and presented a brief introduction of
water electrolysis and the potential of hydrogen as an energy carrier. In this section, a review of how both
technologies can be coupled is presented. First, a solar-to-hydrogen (S2H) system and its components are
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presented. Next, the concept of power-to-gas (P2G), and some of the implemented projects are introduced.
Furthermore, a short review of previous studies focusing on: (1) system performance, (2) operation and sys-
tem configuration, and (3) design and sizing aspects of the S2H system, are described.

2.3.1. Solar-to-Hydrogen: System Description

Photovoltaic systems can be coupled with water electrolyzers to produce hydrogen. Hydrogen from solar en-
ergy becomes a promising alternative to satisfy the power demand of the future. The system configuration
to produce hydrogen from solar energy is relatively simple. It comprises: PV panels, direct current (DC/DC)
power converter, electrolyzer stack, water and hydrogen storage. The direct current electricity produced from
the solar panels can directly feed into to the electrolyzer and produce hydrogen. However, the voltage applied
to the electrolyzer is limited by the output power of the solar panels, and the operation voltage of the electrol-
ysis is limited by the operating characteristic of the electrolyzer. Thus a DC/DC power converter is needed to
adjust the voltage levels. Including a battery into the system configuration allows having an extra energy stor-
age source to the system operation. Water quality requirements differ between electrolyzers. For instance, a
PEM electrolyzer includes a deionizer unit before the water is fed into the electrolyzer. For an alkaline elec-
trolyzer, water is mixed with potassium hydroxide (KOH) to increase the pH of water. Once the hydrogen is
produced, a storage unit is necessary to store the hydrogen. Also, depending on the size and volume pro-
duction, a distribution system for the hydrogen is needed. Distribution and storage systems become limiting
factors when the hydrogen generation is centralized. Additionally, extra components like water separators,
gas purification, gas dryer, pipeline, pumps and compressors are needed for an optimal operation [31]. A
simple representation of the solar-to-hydrogen system configuration is shown in Fig. 2.11.
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Figure 2.11: Schematic representation of a photovoltaic-electrolyzer hydrogen generation system. (Redrawing by the author) [31]

Producing hydrogen using PV electricity is a way of storing solar energy and tackle the limitations of its in-
termittent nature. However, the intermittency of solar energy brings challenges to the operation of the elec-
trolyzer and determines whether the production of hydrogen is economically viable. Power control man-
agement, assessment of the system performance, and designing system guidelines are some of the most im-
portant concepts needed to investigate, in a solar-to-hydrogen system, to increase the fast integration of
renewable energies using hydrogen.

2.3.2. The Power-to-Gas Technology (P2G)

Power-to-gas is a process that uses electricity to produce synthetic natural gas via the methanation of CO,
together with H, from water electrolysis. Power to Gas (P2G) has been proposed as a very promising and
versatile technology to store the surplus of renewable power. Moreover, P2G is being used as an alternative
to alleviate the power transmission lines by consuming the electricity surplus generated mainly by renewable
sources during periods of low demand. Solving the power balance issues caused by variations in power gen-
eration from renewable energies has been the driver to promote the integration of P2G. Also, P2G promotes
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the integration of different energy sectors like renewable energy generation, CO, emissions reductions, elec-
tric mobility and industry process. The main advantage of this technology is that electricity can be stored for
more extended periods of time when converted into fuels like hydrogen, ammonia or natural gas. A schematic
representation of this process is presented in Fig. 2.12
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Figure 2.12: Schematic representation of power-to-gas process. [21]

In the context of fluctuating renewable energy sources and electricity surplus, Power-to-Gas (P2G) research
has grown very fast in the last years. This establishes a new way to manage the electricity production from
renewable energies, and match with electricity supply and demand. The advantage of this approach is that
it uses the variable and excess of electricity to produce hydrogen and combined with natural gas distribution
network.

Few initiatives of P2G are already operative in different locations. One example is the project "Store&Go",
developed by an international joint venture of Germany, Italy and Switzerland. The overall objective of the
project is to demonstrate how power-to-gas can provide synergies between electricity and gas as energy carri-
ers for the transportation, storage, and end use of renewable energy [21]. Up to 57 Nm3/h of synthetic natural
gas (SNG) will be produced by one of the projects developed in Germany. Overall, Germany is leading the
development of P2G technology with up to 17 projects [32]. The largest project is located in Werlte by "Solar
Fuel GmbH", with a total capacity of 6.3 MW, generating 360 Nm?>/h of methane [30].

Along the same lines, France is developing another pilot project, referred to "Network Management by Inject-
ing Hydrogen to Reduce Energy Carbon Content" (GRHYD). This project aims to evaluate the applicability of
combining hydrogen with natural gas [33]. The project is designed to convert surplus electricity generated
by wind farms in the surrounding region into green hydrogen and methane syngas. Two electrolyzers will
produce the hydrogen, and a methanation reactor will combine the hydrogen with CO; to create methane
syngas. The CO, used will be extracted from fumes generated by neighboring industrial plants, thereby help-
ing to reduce local pollution. The project will have a total generating capacity of 1 Megawatt (MW) [1].

Several studies to assess the economic and technical aspects of implementing power to gas have been carried
out recently. A study by Estermann et al. [28] presents the results of producing synthetic methane using solar
electricity. This project bonds hydrogen produced from an electrolyzer with carbon dioxide from biomass
anaerobic digestion plant in order to produce methane. The results show that the initial power capacity of
the P2G plant will be 18%. However, this value will increase over time since the installed capacity of PV will
also increase. Nevertheless, this implementation involves technical challenges regarding the availability of
captured carbon dioxide from an anaerobic digestion plant. This research also mentions the necessity of a
policy framework that establishes a more attractive electricity price for electrolysis purposes.
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2.3.3. Research Work on Solar-to-Hydrogen Systems

Several studies to assess the feasibility of implementing hydrogen production via electrolysis using solar
power have been carried out recently.

A small demonstration project developed by Clarke et al. [23] shows a method to integrate PV modules with
a PEM electrolyzer directly. The system uses a 2.4 kW PV array connected directly with a PEM electrolyzer.
The study points out the advantage of a direct coupling configuration is the cost reduction of a DC-DC con-
verter and power electronics. However, when comparing the cost of components, the most expensive ones
are related to the electrolyzer stack. The PV technology and the balance of its related components are be-
coming cheaper. Hence, the saving in power electronics does not balance out the costs of operation time
in the electrolyzer. After approximately four months of operation, the electrolyzer stopped running due to a
degradation of its membrane.

In another study performed by Homayouni et al. [36] a technical assessment and sizing of a standalone
hybrid power system combining PV panels, batteries, and hydrogen storage is presented. An optimization
framework model is developed to determine the optimum component sizes based on the lowest net present
cost while maintaining the system reliability. By using this framework, the study concludes that the most
cost-effective alternative to the energy storage is a combination of batteries with hydrogen technology. Ad-
ditionally, this work concludes that the system design and sizing have an important effect on its initial cost.
However, no designing rules for hybrid power systems are presented. Neither, the impact of irradiance lev-
els or the electrolyzer operational parameters is discussed in this work. A system performance analysis is
presented, but the results do not discuss the impacts of the electrolyzer switching on/off cycles due to the
intermittency nature of the PV system.

Analyzing the irradiance levels is essential because it determines the sizing of the system. A significant sea-
sonal summer-winter fluctuation of irradiance limits the capacity of a system to become self-sufficient. For
instance, in Nordic countries, it becomes difficult to have self-sufficient PV system, because the combination
batteries-irradiance will always be disproportional. In winter, the batteries will remain in a low state of charge,
and in summer, a significant amount of energy will be curtailed. Furthermore, the switching on/off cycles are
critical because every time the electrolyzer switches on, an activation overpotential is needed to start the
electrochemical reaction. This overpotential, degrades the PEM membrane, by changing the properties of
the membrane. The membrane’s ion conductivity decreases and gas permeability increases. A control in the
switching on/off cycles of the electrolyzer will help to reduce the membrane degradation and improve the
lifetime of the electrolyzer at the same time.

A study of the economic assessment of a hybrid energy system PV-fuel cells is presented by Lagorse et al. [43].
In this reference, some design guidelines for a stand-alone hybrid system are tested by using a computational
model in Matlab/Simulink. The analysis is based on three different configurations, as shown in figure 2.13.
The goal of the study is to find the most cost-effective system configuration. Each configuration includes
its specific component sizing. For configuration (c) shown in Fig 2.13, the energy management technique
becomes crucial for economic optimization. A cost optimization for each configuration was presented for a
20 years lifetime. The study shows that the most cost-effective alternative is for configuration (a) with 0.519
€/kWh, followed by configuration (c) with 0.645 €/kWh and configuration (b) with 4.943 €/kWh as the least
attractive option. The study concludes that relying on hydrogen as a unique storage method is currently
not economically feasible. Electrolyzer and fuel cell prices need to decrease in order to make this a more
attractive option in the future. Additionally, when the goal is to have a complete energy autonomous system,
the configuration that combines batteries and hydrogen storage is preferred.

In general, several studies include a combination of solar and wind power technology. Almost all of them are
simulation-based investigation [40]. For instance, a distributed generation system, combining solar panels
and wind turbine power generation, is presented by Kabalci, [41]. In this study, the system design is devel-
oped using Matlab/Simulink. The study presents a detailed model of the main components in the system, like
solar panels, wind turbine, s power converter and an inverter. The study mainly focuses on the current and
voltage fluctuations. The system is optimized to provide a stable and controlled power output. The challenge
for this system configuration is to provide a stable power generation and preserve the power balance with the
grid. This work presents valuable insights regarding the importance of power balance when combining more
than one power source. Additionally, the system was analyzed by adding a battery as energy storage unit.
Understanding how such a system affects the stability of the power grid is essential because this will guar-
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Figure 2.13: System configurations layouts. (a) PV, battery, FC is fed by an external hydrogen tank; (b) PV, FC, electrolizer and hydrogen
tank and (c) PV, battery, FC, electrolizer and hydrogen tank [43]
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antee high reliability to the power generator and provide a high-quality power system. Those two concepts
are very important for distributed generation systems. Also, a more clear understanding of how the battery
contributes to the system performance is necessary for optimizing the system size which means a significant
cost reduction.

Regarding the power control management for a hybrid power system, a design and construction study com-
bining wind, fuel cell, and a battery is presented by Fathabadi [29]. The system is designed to have an average
daily energy generation of 450 kWh, completely off-grid. A vertical wind turbine WKV-10000 of 10 kW rated
power and a 36 kW PV array built by 180 PV modules are the primary energy sources. The system includes a
5 kW Horizon H-5000 proton exchange membrane (PEM) fuel cell stack, which works as a secondary energy
source. In this study, the power generation is optimized by implementing a highly accurate maximum power
point tracker (MPPT) for both solar and wind generation. The challenge for this system configuration is to
efficiently produce electricity in a remote area, even during cloudy days. This work developed a highly ac-
curate MPPT method to efficiently tackle the intermittency problem of using solar and wind energy sources.
The management control unit uses the surplus energy to run an electrolyzer and produce hydrogen. When
sun and wind generators do not generate sufficient power, the control unit starts up the fuel cell. The fuel
cell uses the hydrogen produced during excess power generation. This study reveals the importance of an
accurate power control unit in a hybrid system to optimize the energy utilization of the system. A good power
control is the core of an efficient hybrid system.

Some of the reviewed literature includes research on how to assess the performance of a hybrid power system.
Luna et al. [44] presents seven performance indices to assess such a system. The parameters used to assess
the quality of the system are reliability, autonomy and capital cost. Based on those three parameters, the
study defines ratios to evaluate the performance of a system that includes more than one power source. The
importance of those parameters is explained by the necessity to visualize and quantify the parameters of a
hybrid system. A quick and fast method to assess the reliability and autonomy of a hybrid power system will
help to evaluate the economic and technical feasibility of such a system.

Regarding the feasibility of energy storage for hybrid systems, Zhang et al.[65] presents a comparison between
battery and hydrogen storage systems for residential buildings in Sweden. The study shows that battery sys-
tems achieve higher values of a self-sufficient ratio in comparison to other storage systems. The electrolyzer
appears to be the most sensitive component when analyzing the profitability of the system. His work con-
cludes that battery storage system is better than hydrogen storage system when comparing its profitability.
The study suggests that if the electrolyzer price would drop 25%, the hydrogen storage can have a similar
value of self-sufficient ratio than the battery. Comparing the feasibility of both batteries and hydrogen for
energy storage is an interesting idea, but more interesting research would be on a system optimization that
couples both technologies. A short-term energy storage like batteries combined with a long-term storage
technology like hydrogen can easily solve the issues of the inflexibility of renewable-based power systems.

Summarizing, design, operation, and system performance are three crucial topics when using solar-to-hydrogen
systems. The goal of such a system is to produce hydrogen in the most cost-effective conditions while mitigat-
ing the intermitent character of solar energy. It has been demonstrated that hybrid power systems work very
well for grid-tied configurations. However, there are extra optimization challenges, for a self-sufficient energy
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system, when the system operates off-grid. A more robust energy storage unit and a fine energy control man-
agement are needed to compensate the system instability. Overall, hydrogen production from electrolysis
using solar power is a promising solution, but there are some challenges which need to be tackled. Thus both
a detailed and more comprehensive knowledge of the system integration is necessary.

2.4. Concluding remarks

Undoubtedly, solar energy is the most important renewable energy sources. Photovoltaic solar cells have
proved how easy and economic is to generate electricity from the sun. On the other hand, water electrolysis
using solar electricity can potentially be a very important process for producing hydrogen as an energy carrier.
Efficiencies of both technologies are a limiting factor, but it has been proven that a good match can solve the
issues of energy storage, and grid flexibility on a renewable energy based power systems.

As the implementation of solar panels grows all around the world, the necessity to have proper energy man-
agement of the stochastic power generation becomes a higher priority. Alternatives for managing the power
produced by renewable energy have been already developed, for instance, using batteries to store the energy
surplus, increasing energy consumption to match the power generation, and producing hydrogen via elec-
trolysis to alleviate the power systems congestion. All of these concepts have been studied independently,
but there is still not much information about a holistic implementation of solar-to-hydrogen systems.

Producing hydrogen via electrolysis is a process that has been vastly researched for decades, and it has
reached enough maturity level to be deployed. However, the technology is still not economically attractive to
the market when competing with hydrogen production from fossil fuels. New small pilot projects are develop-
ing and providing insights into the system operation. Even though the results are promising, the technology
is still not profitable enough to achieve a major hydrogen production by electrolysis using solar power. From
atechnical and environmental point of view, producing hydrogen from solar energy is a promising alternative
to supply the world energy consumption of the future.

Previous solar-to-hydrogen systems have been developed, but there is still need of more in-depth under-
standing on the optimal operating conditions for each of the components. Moreover, the lack of design rules
for these types of systems is a limiting factor for the faster development of such a system. More knowledge,
of such a systems, will encourage the development of more projects and allow this technology to fully deploy.
Hence, more investigation to fill those gaps by providing new knowledge on a solar-to-hydrogen systems is
crucial for a faster implementation of flexible renewable energies.



Experimental Setup

This chapter describes the designed system - Wawa' - and each of its components. It also presents the process
to how connect the components and let the system run. The process to startup and shutdown the system is
also described. Next, the experiments to obtain the polarization curve and efficiency of the electrolyzer is
presented. The chapter closes with general safety guidelines when operating the system.

3.1. System Description and Components

Wawa is the given name for the system to produce hydrogen via water electrolysis using solar electricity.
Wawa consists of two PV panels (300 W each), two lead-acid batteries (70 Ah, 12 V each), and a water polymer-
electrolyte-membrane (PEM) electrolyzer (120 W). Additionally, the system includes a charge controller with
a maximum power point tracker (MPPT), and complementary components such as a microcontroller, a
pump, tubing, flow meters, filters, gas separators and electric wires. A layout of the system and its main
connections is illustrated in Fig. 3.1.

In this thesis, the first stage of Wawa was built and tested. This stage includes a direct current (DC) power
source as a primary energy source. The power stability and flexibility of the power source were the reasons
to first test the electrolyzer in this way. Moreover, the knowledge of the PV system design and its operation is
relatively broader and more mature than the water PEM electrolysis system. Thus, the first stage included the
PEM electrolyzer, power electronics, and additional components to run and test the system. In a further stage,
the system will incorporate the PV modules to this initial version. A brief description of each component and
its selection parameters is presented below.

PV Modules

Two BenQ-PM060MW2 PV modules of 300 W each, supply electricity to the entire system. The size and the
market availability were the decisive parameters to chose these modules. Additionally, a module with a high
current value (I,) is desired specially for a direct module-electrolyzer coupling. Thus, the two modules are
connected in parallel to achieve a higher current.

Batteries

Two lead-acid FullRiver-DC10-12 batteries connected in series have a combined storage capacity of 1.68 kWh.
The relatively low cost and its capability to deliver a high current were the reasons to opt for those batteries.
The direct current generated by the PV modules charges the batteries employing an MPPT/charge controller.
The batteries store the energy surplus during the day and feed to the electrolyzer when solar irradiance is low.

Maximum Power Point Tracker (MPPT)

The Victron BlueSolar 100/50 maximum power point tracker is implemented to optimize the energy gener-
ation from the PV modules. The selection of this component is based on its voltage and current limits. The
MPPT has to at least support the voltage (V,. = 39.9V) and the current(l;. = 19.6 A) delivered from the PV

! from the Kitchwa (indigenous Ecuadorian language), meaning the "young kid".
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Figure 3.1: Layout diagram of the system.



3.1. System Description and Components 41

modules. Similarly, the charge voltage and current have to match with the battery bank (24 V, 70 Ah) levels.
Additionally, the output amperage value of the MPPT has to fit with the amperage of the load (60 A).

PEM Electrolyzer

The Giner-G5 proton exchange membrane electrolyzer is a compact, safe and straightforward hydrogen gen-
erator. With a 50 cm? nominal active area, no moving parts, and a 70% efficiency the electrolyzer produces
300 cm®/min of hydrogen at nominal current, atmospheric pressure and 30°C temperature. The component
was selected based on the market availability and its suitable size for laboratory applications.

This electrolyzer has four connections for the tubes and two double connectors for each electrode. There is
one inlet for the water, one outlet for oxygenated water, and two outlets for hydrogen gas. Each connection
includes a stainless steel fitting to guarantee a proper sealing and avoid fluid leakage. The double connectors
are included to reduce electrical losses due to the relatively high current (60 A) drawn from the electrolyzer.

Polytetrafluoroethylene (PTFE) Tubing

A Teesing 6-4x1 tube with 4 mm of internal diameter and 6 mm of external diameter is the medium used to
transport the water and the hydrogen. The (PTFE) material is a synthetic flour polymer with good mechanical
properties and chemical resistance to organic solvents. The tubing was selected based on its low permeability,
mandatory for hydrogen gas applications. Additionally, the flexibility of the PTFE pipes give freedom for
connecting the components without limiting the location for the components, as it is the case for stainless
steel pipes.

Tube fittings

Tube fittings connect runs of tubing to the inlet sections in the electrolyzer, pump, and gas meter. The pur-
pose of the fitting is to provide proper sealing and ensure leak-tight performance. The threaded fittings are
suggested to provide a better grip. Additionally, it is highly recommended to use stainless steel fittings to
avoid corrosion.

Water pump

A Diener Optima Series pump provides water to the electrolyzer. The selection of the pump was based on
two parameters. First, a controllable and precise speed control, to adjust the water flow to the electrolyzer
requirements. And second, a low-pressure pulsation to avoid damage to the electrolyzer membrane. The
pump is connected to the printed circuit board (PCB) and draws a maximum current of 1.8 A at 12 V. The
pump guarantees that the electrolyzer’s membrane is always humidified.

Hydrogen tank

The Linde hydrogen tank is a stainless steel container of 10 liters capacity, and a maximum pressure of 200
bar (20 MPa). This tank was chosen because its relative low cost and small size. Additionally, the operational
pressure of the system is relatively small (2 MPa), thus a stainless steel tank is perfectly suitable.

Water tank

The water tank is a 10 liter plastic container. The tank is filled with deionized water. This is pure water,
completely demineralized with a very poor conductivity (18.2 MQ-cm). The water is pumped towards the
water inlet of the electrolyzer, and it returns to the tank after being used. Similar than for the hydrogen tank,
the water tank was chosen because it is small and relatively cheap.

Gas-Water separator

Hydrogen produced by the electrolyzer contains small particles of water due to permeation through the
Nafion membrane. This water content reduces the purity of hydrogen. Thus it is necessary to include a
hydrogen-water separator. The output water is mixed with the oxygen produced in the anode. Oxygenated
water can not be reused by the electrolyzer. Thus an oxygen-water separator is needed at the outlet of the an-
ode of the electrolyzer before the water is recirculated to the container. Otherwise, the electrolysis efficiency
is significantly reduced because the water is saturated with oxygen. The selection of this component is based
on the flow rate of hydrogen produced and the required gas quality.

Electric Wires

The wires carry the electric current from the DC converter to the electrolyzer and to the rest of the electronic
components. Most of the electric connection for the components requires a solid-core wire 22 AWG (Amer-
ican wire gauge, 0.64 mm diameter). However, the connection for the electrodes of the electrolyzer needs a
thicker wire (5 AWG) since the current passing through can go up to 50 A.
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Printed circuit board

The printed circuit board (PCB) is an in-house designed electronic circuit. This circuit is the interface be-
tween the power source and all the system components. The PCB includes the microcontroller, communica-
tion ports, and the necessary electronics components to run the system and monitor its parameters. Addi-
tionally, a DC/DC power converter designed to fit the voltage (2.5 V) and current (60 A) of the electrolyzer is
included. Two PT-100 temperature transmitters are installed to take the signal from the temperature sensor
and transmit the signal to the controller.

Microcontroller

The selected microcontroller is open source hardware known as Arduino. This component allows the system
to program instructions for coordinate the sequence of system operations such as the power management.
Both the startup process and the turn off process can be automatized using the microcontroller. Additionally,
the algorithm to follow in case of malfunction of the system can be included in the microcontroller. The
microcontroller is crucial for an efficient operation of the system.

DC power source

In this thesis, a direct current (DC) power source is used as the primary energy source to drive all the compo-
nents. In this setup, two DC power sources (10 A, 32 V each) are connected in parallel to provide a constant
voltage and a current of 20 A.

Current meter

The current meter is a built-in circuit that integrates a precision resistor with a minimum value. The resistor
causes a voltage drop proportional to the current value passing through the circuit. Hence, the current is
indirectly measured by measuring the voltage drop through the resistor. The current and voltage values are
measured using a digital multimeter.

Gas meter
The gas meter is used to monitor the hydrogen production from the system.

Temperature Sensors

The electrolyzer temperature is measured using two PT-100 temperature sensors. This is a resistance temper-
ature sensor made of a small strip of platinum with a resistance of 100 ohms at 0°C. This component measures
a precise and stable temperature value by changing its resistance in function of the temperature. This sensor
can be connected to the temperature transmitter placed on the PCB, and use the signal as a control variable
for the system.

3.2. System Setup

This section explains how to connect the necessary components to produce hydrogen using a PEM water
electrolyzer powered by a DC power source. The setup process involves the connection of all the above de-
scribed components, which is summarized in the following seven steps.

e Step 1: Each of the four inlets/outlets of the electrolyzer should be connected to a PTFE tube, as shown
in Fig. 3.3

¢ Step 2: The water inlet of the electrolyzer should be connected to the tube attached to the water pump
outlet. The water pump inlet should be connected to the water container using another tube. Similarly,
the output for the oxygenated water of the electrolyzer should be connected to the water container. This
connection makes the water recirculate during the system operation. Figure 3.4 shows the connection
for the pump.

¢ Step 3: Using a tube, the two hydrogen outputs of the electrolyzer are interconnected into a single
one, as shown in Fig 3.3. This connection goes to the gas-water separator, where hydrogen and water
are separated. The hydrogen production is measured by a gas flow meter connected after the water-
separator. The electrolyzer tubing connections should be finished now and ready to use.

 Step 4: The anode of the electrolyzer should be connected with the positive outlet of the PCB. Similarly,
the cathode should be connected to the negative outlet of the PCB. Polarity is important for proper
operation of the electrolyzer. Figure 3.3 shows the connections for the electric cables of the electrolyzer.
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=

Figure 3.2: Experimental setup. ! DC power source. 2 PCB. 3Pump. 4Electrolyzer. ®Digital multimeter. ®Gas-water separator. ?Gas flow
meter.

» Step 5: The PCB voltage output should be set up in a value of 1.4 V using the variable potentiometer
located in the PCB, as showed in Fig. 3.5. The voltage level delivered from the PCB can be set on a range
from1.0Vto2.5V.

¢ Step 6: The Arduino’s digital pins in the PCB should be connected to the pump wires as shown in Fig.
35

 Step 7: Finally, the controllable DC power source should be connected to the PCB.

The system is now set up and ready to be used. The interconnection of all the components is shown in Fig.
3.2.
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Figure 3.3: (A) Identification of each of the connectors of the electrolyzer. (B) Representation of the tube connections of the electrolyzer.
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Figure 3.4: (A) Identification of the pump connectors (B) Water circuit lines for the pump, water tank, and electrolyzer.
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Figure 3.5: The printed circuit board (PCB) indicating main electronic components.
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3.3.

Operating Procedure

This section describes the two procedures to operate the system and run the experiments successfully.

Startup process

For a successful startup, all the components should be properly connected. Also, the water level in the tank
should be above half its capacity. Otherwise, the electrolyzer membrane might suffer serious damage. The
two basic steps to startup the system are:

Step 1: The external DC power source should be plugged in and switched on. First, the pump starts
sending water to the electrolyzer to humidify the membrane before applying a voltage potential. The
polymer electrolyte membrane needs to be perfectly humidified before start up the electrolyzer. If the
pump has not started its operation, the system should be stoped and the connection should be checked
again.

Step 2: The electrolyzer starts its operation by closing the circuit on the PCB. Now,the electrolyzer starts
drawing current; thus hydrogen is being produced. The voltage and current values should be verified
that in the correct values. If the current is higher than 60 A, or 2.5V, the system must be stoped and the
connection should be checked one more time.

The system is now operating, and ready to perform the experiments.

Shutdown process

Similar than for the startup process, there are two steps to follow to shutdown the system properly:

Step 1: The electrolyzer should be turned off by unplugging the wires from the PCB. Similar than during
the startup process, the pump needs to keep ruining for a couple of minutes to humidify the membrane
and guarantee that all the internal gas canals are emptied

Step 2: The DC power source should be switched off and the power connectors should be unpluged.

Following steps 1 and 2, the system should be turned off

3.4.

Experiments and Measurements

This section describes the experiments to obtain the polarization curve of the electrolyzer and its efficiency.
The polarization curve is determined by increasing the input voltage to the electrolyzer. The thermoneutral
potential is the first and most important measurement of the experiment. There are five steps to follow to
perform the experiment successfully.

Step 1: The initial potential should be set up in 1.2 V by modifying the potentiometer in the PCB.

Step 2: The steps described in Section 3.3 should be followed to set up of the system. The system start
operationg after following step 1 and 2.

Step 3: The initial current and voltage should be measured at the electrolyzer connectors. It is expected
that at 1.2 V the electrolyzer draws no current; thus the current has a value of 0 A.

Step 4: The voltage value should be increased by tuning up the potentiometer in the PCB. When the
current reaches a value different than zero, mark that voltage value. This voltage is the thermoneutral
voltage of the electrolyzer. The electrolyzer starts producing hydrogen by following steps 1, 2 and 3.

Step 5: The voltage should be increased on steps of 0.1 V and the respective current values should be
recorded. At the same time, the values of the hydrogen gas flow should be also recorded. The initial
current values are significantly sensitive to the voltage variations, because it needs to overcome the
activation losses.
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The polarization curve of the electrolyzer results by plotting the measured values of current and voltage. The
efficiency can be determined by dividing 1.48 to the thermoneutral voltage, as defined by equation (2.15) in
Chapter 2.

3.5. General Safety Guidelines

This section presents some general safety guidelines to follow during the system operation. Like in any sys-
tem that manages a fuel, it is necessary to keep in mind some instructions to avoid accidents. Nevertheless,
working with hydrogen is safer than working with gasoline or other fuels. Hydrogen is less toxic and in case
of a spill, it will immediately evaporate into the air. Because of that, a combustible situation becomes less
likely. Additionally, in case of a hydrogen ignition, the flame is less likely to spread the fire. The flame will
dissipate rapidly, burning itself out quickly without affecting the surroundings, like it is the case for gasoline.
Hence, any gas leakage, short circuit, or operation in a enclosed environment must be avoided for safe system
operation. To do so, few rules of thumb to follow are described below.

¢ Power cables should not be disconnected when the electrolyzer is operative; this might cause sparks
due to the high current involved.

¢ The components should not be toched while operating. The temperature of the electrolyzer (60 °C)
might cause discomfort. Additionally, the electronic components might damage because of static dis-
charge.

* Damaged extension cords never should be used. This is a potential short circuit initiator.

* The system should be never operate over a metallic surface. This might cause an electric discharge
while operating. Additionally, avoid wearing metallic jewelry.

¢ Do not store The electrolyzer should be stored in a ambient temperature room. The electrolyzer mem-
brane might dry out and loose its material properties.

¢ The stack should be always operate in a well-ventilated area.






Modelling Approach

This chapter presents the modeling approach of a solar-to-hydrogen (S2H) system. Each component in the
system is simulated separately, based on a model that describes the physical and chemical principles of the
individual component. The model is written in the mathematical tool Matlab/Simulink, and structured on
five different modules: (1) the photovoltaic module as a primary energy source; (2) the battery bank as an
energy buffer; (3) the water PEM electrolyzer as a hydrogen generator; (4) the gas storage tank acting as a sink
for the generated hydrogen, and (5) the control unit in charge of managing the power of the system. Lastly,
six non-dimensional parameters, as a tool for designing S2H system are presented.

4.1. System Description
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Figure 4.1: General representation of the S2H system layout

The proposed system converts energy from the sun into hydrogen. A set of two crystalline-silicon (c-Si) PV
modules (300 W each one) receives the irradiance from the sun to produce electricity. The generated elec-
tricity is fed into a water PEM electrolyzer (120 W), where water is split into oxygen and hydrogen. Once the
hydrogen is produced, it is stored in a tank. An MPPT charge controller is used to optimize the operation of
the solar modules. Additionally, to couple the power generated from the PV modules with the electrolyzer, a
DC/DC power converter is included. A lead-acid battery bank is added to store the extra energy generated by
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the PV modules. The battery operates as an energy buffer in the system to deal with the intermittent nature
of solar energy. A general layout of the system is presented in Fig. 4.1.

4.2. System Modeling

A model in Matlab/Simulink of the PV array, PEM electrolyzer, battery, and storage tank is presented in the
following sections.

4.2.1. PV Array Model
' PV panel parameters
i (isc’ Voc’ Vmp‘imp)
N
)
Irradiance [kWhm™?] o 5 Current [A]
PV array
o Voltage [V]
Ambient model T~ J

Temperature [C]

N4

3 Power [W]

Figure 4.2: Block diagram of the PV module, representing the inputs and outputs signals of the model

The PV array model simulates the performance of the solar modules under any irradiation and temperature
conditions. The developed model is flexible and allows to simulate different system configurations of the PV
system. Therefore, the parameters that affect the system performance can be analyzed and then select the
most optimal design. Understanding of how the solar modules operate, under certain weather conditions,
and estimate the energy yield of the system, are necessary for optimal system design.

Irradiance, ambient temperature, and the PV panel parameters are taken as input variables for this model.
As a result, the model outputs are the current, voltage, and the power of the PV panel. A simplified block
representation of the model with the inputs and outputs variables is shown in Fig. 4.2.
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Figure 4.3: Equivalent electric circuit of a solar cell [59]

Using the fundamentals of a solar cell defined in chapter 2, and the simplified equivalent electric circuit of
the solar cell, shown in Fig. 4.3, it is possible to calculate the voltage and current of the solar cell. The circuit
includes a current source as the photocurrent generator, a diode branch, and two resistors. Resistor (R;)
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represents the resistance of current through the emitter and in the metal contacts. Resistor (Ry) or (Ryp)is the
shunt resistance. Applying Kirchhoff’s Law to the electric circuit results in equation (4.1).

Ieet1 =Ipn—1a—1Ip 4.1)

where I,y is the total current delivered from the solar cell. I, is the photocurrent generated when the solar
cell is exposed to light. I, is the current flowing through the diode. And I, is the shunt current due to the
shunt resistor branch. Using the Shockley diode equation and the Ohm’s law; expression (4.1) turns into Eq.
(4.2).

4.2)

(V + IRy)
Leenn = Iph_lo{exp(q—s) _1}_

nkT,

V+IRS)
Rp

where, g = 1.602 x 10719C is the elementary charge; k = 1.38 x 10723 J/K is the Boltzmann constant; n = 1.3
[59] is the ideal constant diode factor for c-Si, T¢, is the temperature of the solar cell, I, is the diode saturation
current; and Ry, R, are the series and shunt resistance, respectively. Solving equation (4.2), the current and
voltage of a single solar cell can be determined.

A solar module is the result of various solar cells connected in series and parallel to built up its voltage and
current level. Considering a number of solar cells in series N, and a number of cells connected in parallel
Np, equation (4.2) turns into equation (4.3)

q(VA+IAﬁ—;RS) Va+ Lage Ry
Ia=Nyl,—I,N, |exp| —————2 | |- 43
A plpnh —LolNp p NonkT, %Rp (4.3)
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where, I4 and the V are the total current and voltage respectively, generated from the PV array. Iy, 14, Rs,
Ry, are unknown parameters intrinsic of each PV panel. The method to calculate these values applied in this
thesis is adopted from the study of Tian et al. [58], where a detailed explanation is presented. In the following
sections the approach of determination of the values for I,,, 14, Rs,Rp is presented.

Photo-current (I ph)
The photocurrent is a function of the temperature and solar irradiance. Equation (4.4) is an empirical math-
ematical expression that defines the behavior of the photocurrent, presented by Tian et al. [59].

(I+ar(Te - Tsrc)l (4.4)

ILyp=1 ( G
ph = 1ph,STC Gsrc

In equation (4.4), Iyp sTc is the photocurrent value at standard test conditions (STC). Many studies use the
approximation of I, stc = Isc. The relative temperature coefficient of the short circuit current a7 is a pa-
rameter given by the manufacturer. Gsr¢c = 1000W/ m?, is the irradiance at AM1.5 spectrum; G, is the actual
solar irradiance in W/m?; and Tsrc = 25°C, is the temperature at STC.

Consequently, the photocurrent of a solar cell under any irradiance and temperature can be determined using
Eq. (4.4).

Saturation current (I ;)
The diode saturation current is a temperature dependent parameter intrinsic of a solar cell. An empirical
mathematical expression defines the saturation current as equation (4.5)

3 Egstc Eg

kTstc kT

Ig=145s1C (4.5)

Tstc

where, I; stc, is the diode current at STC. This value can be determined using the method proposed by Tian
etal. [59]. Eg sTc stands for the bandgap energy at STC. And, Ej, is the energy bandgap of crystalline silicon,
which is temperature dependent [42] and can be empirically described by Eq. (4.6).
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Solar cell temperature (T,)

Irradiance and ambient temperature modify the operational solar cell temperature. Masters et al. [45] pro-
poses an empirical mathematical expression to determine the cell’s temperature by Eq. (4.7). Where, T;p
is the ambient temperature, G=1000 W - m~2, is the solar irradiance and NOCT is the nominal operating cell
temperature of the panel. The NOCT represents the temperature value reached by the solar cell when it op-
erates at solar irradiance of 800W/m?, wind speed of 1 m/s, and air temperature of 20°C.

NOCT -20°C
—) G 4.7)

T. =T, +
c amb ( 800

Equations (4.4),(4.5),(4.6) and (4.7) can be used to model the performance of a PV module.

The unknown parameters in equations (4.4),(4.5),(4.6) and (4.7) can be determined using the mathematical
model proposed by Tian et al/ [59] and the following boundary conditions:

1. Open-circuit conditions where I, =0and Vyy = Vi ref;

2. Short-circuit condition where Iy = Is¢ ref and Vyy, = 0;

3. Maximum operation point where Vyy, = Vinpp and Iy = Lnpp;

4. The derivative of power with respect to voltage at MPP 3—5 =0and

5. Condition that guarantees that the temperature coefficient of the open-circuit voltage is correctly pre-
dicted by fr = %ec.

Table 4.1 presents the technical specifications of the SunPower-300 module, that was used for the simulations.

Table 4.1: Specification of the PV panel

Parameter Value

Model SunPower 300
Technology Crystalline silicon
Area of each module 1.6 m?

Peak power, Pmax 300 W

Peak power voltage, Vy;pp 54.7V

Peak power current, I, pp 5.49A

Short circuit current, I, 5.87A

Open circuit voltage, V,, 64V
Temperature coeficient, V,, -176.6mV / K
Number of cells, N 96

Assumptions

Some assumptions concerning the physical nature of the cell behavior are necessary to establish for a more
practical approach. The assumptions considered in the model of the solar cell are: the ideality factor remains
constant for any irradiance and temperature condition; the impedance of the parallel resistor is infinity.

The model for the solar panel was implemented in Matlab/Simulink using the above presented equations,
and the SunPower parameters of the panel. Appendix A includes the detailed representation of the Simulink
model for the solar modules. Figures 4.4 and Fig.4.5 show the I-V curve of the PV panel, generated with the
model. The model has the flexibility to simulate any PV module configuration using all the possible irradiance
and temperature conditions.
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4.2.2. PEM Electrolyzer Model

The system produces hydrogen via water electrolysis using a proton exchange membrane (PEM) electrolyzer.
Chapter 2 provides the important electrochemical and thermodynamic fundamentals involved in the elec-
trolysis process. The electrolyzer model aims to mimic the behaviour of a real component under certain
voltage and current conditions. Understanding the performance of the electrolyzer is important to assess
the power consumption and hydrogen production of the system. Moreover, the model provides information
about the electrolyzer performance under different conditions like temperature and pressure.

Cell parameters
(i Voo Vool )
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Voltage [V]

7
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? :

Pressure [Pa] Hydrogen [kg/h]

Current [A]

\ 4

Figure 4.6: Block diagram of electrolyzer model, representing the input and output variables

The developed model of the PEM electrolyzer operation is taken from a study proposed by Awasthi et al. [18].
Current, temperature and pressure are the external parameters taken as inputs for the electrolyzer model.
Additionally, the electrolyzer parameters used as input for the model. As a result, the output variables are
the operational cell voltage, water consumption, oxygen, and hydrogen production. A block representation
of the model with its inputs and outputs signals is presented in Fig. 4.6. A detailed water PEM electrolyzer
model involves mass transfer phenomena and electrochemical reactions. Here, a more simple but practical
model is used to assess the two main parameters: electrochemical potential and hydrogen production. Thus,
the model is divided into two modules: (1) cell voltage module and (2) the mass flow module.

Module 1: Cell voltage

Similar to the solar cell, the electrolyzer has an I-V characteristic curve. Using the fundamentals of water
electrolysis defined in chapter 2, and the simplified equivalent electric circuit of a PEM electrolyzer, shown
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in Fig. 4.7, it is possible to calculate the voltage and current of the solar cell. The circuit includes a voltage
source as representation of the thermoneutral voltage (V;,). The two diodes connected in series, represent
the reversible voltage in the anode (AE;¢,,4) and cathode (AE;,,,c). The resistors in series represent the anode
(Vacr,a) and cathode (V4¢,c) activation overpotential, and the ohmic overpotential (Vyp,,,). Applying Kirch-
hoff’s Law to the circuit results in equation (4.8).

TH 10,

2

Figure 4.7: Equivalent electrical circuit of a water electrolysis cell.

Vei = Eceti + Vact + Vonm (4.8)

where E.; is the open circuit voltage, V,; is the activation overpotential (anode and cathode) and V,,, is
the ohmic polarization overpotential. The open circuit voltage is a function of pressure and temperature and
can be determined by the Nerst equation as shown in Eq.(4.9). Similarly, the activation and ohmic overpo-
tentials are calculated from the empirical equations (4.11) (4.12)

PH_Po“) €9)

RT
Ece” = EO + ﬁln D0
2

where, E, is the standard potential, R is the universal gas constant, T is the electrolyzer temperature, F is
Faraday’s constant and p, represents the partial pressure of each species inside the electrolyzer. As defined
in chapter 2, the standard potential is defined by the Gibb’s equation (4.10)

AGy

Ey=——0.9x1073(T -298 4.10
0= S x ( ) (4.10)
Voo = RT ( i )+ RT ( i ) @.11)

act AanF \2ipan AcarF 2io,cat '
Vonm =1 % Ropm (4.12)

Assumptions
The mass transfer overpotential is neglected since it is insignificant for low current densities in PEM elec-
trolyzers.

Using the mathematical expression above described, and the technical specification of the electrolyzer shown
in the table 4.2, the voltage module for the electrolyzer was built on Simulink. A detailed representation of
the model on Simulink is presented in Appendix A.
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The model of the PEM electrolyzer was implemented in Matlab/Simulink using the above presented equa-
tions, and the electrolyzer parameters in table 4.2. Appendix A includes the detailed representation of the
Simulink block for each component.

Figure 4.8 shows the I-V characteristic curve of the electrolyzer, generated with the model. The three main
overpotential curves are included in the figure. Understanding the impact of each of the overvoltages is im-
portant to select the optimal operating condition of the electrolyzer. The model has the flexibility to simulate
any number of PEM cells connected in series and different operating conditions.

Table 4.2: PEM Electrolyzer specifications

Parameter Value
Power 120 W
Current 6-60 A
Operating Voltage @ 40A 2V
H; production 45-450 sccm
0O, Production 22-220 sscm
Operating Temperature 20-50 °C
Weight 3Kg
Number of cells 1
Active Area 50 cm?
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Figure 4.8: Current-voltage characteristic curve of one cell PEM electrolyzer at 300K and 1 atm

Module 2: Mass flow

According to second Faraday’s law for electrolysis, the amount of substance generated by an electrode is
proportional to the quantity of the electric current passing through. Chapter 2 already introduced these con-
cepts, thus the equations to determine the molar flow of each of the species are Eq. (4.13), (4.14), and (4.15).
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. N <1
mpy, = 4.13
Hy =NF = (4.13)
ho, = 21 (4.14)
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The reaction efficiency is determined by the Faraday’s efficiency () as shown in Eq. (4.16).
96.5 x ex (0.09 75.5) 4.16)
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The above equations are required to determine the molar flow of hydrogen and oxygen in the cathode and
anode, respectively for a PEM electrolyzer. Similarly, with equation (4.15), the water consumption during the
reaction can be determined in function of the current.

The current through the electrodes is the only external signal, that the mass flow model needs. As a result,
the output of this module is the water consumption rate as well as the hydrogen and oxygen production rate.
A simplified representation of the molar mass module and its input and output signals are shown in Fig. 4.6

Assumptions

The main assumption for the hydrogen production is neglecting the variation of the Faraday’s efficiency. This
model assumes a constant Faraday’s efficiency during the electrochemical reaction. This assumption is valid
since the PEM electrodes are relatively stable in operation. Thus, the electron utilization remains constant.

Consequently, the model of a PEM electrolyzer was built in two main modules. First the cell voltage module,
that describes the voltage and current dependence of the electrolyzer. Second, the molar mass flow module
that determines the hydrogen production and the other species involved. Both modules were built up using
Simulink as represented in Appendix A.

4.2.3. Battery Model
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Figure 4.9: Block diagram of the battery model, representing the inputs and output signals

A detailed model of the battery involves thermodynamics, material science, and electrochemical phenomenon
depending on the technology of the selected battery. For the sake of simplicity, only the power management
of the battery is considered in this thesis. Thus, this model gives particular attention to the electrical behavior
of the battery.

The battery model provides the energy flow during the charge and discharge process. The power flow of the
battery allows assessing the number of discharge cycles, thus evaluate the lifespan of the battery. The depth of
discharge is another useful parameter to assess the lifetime of the battery. The more the battery is discharged,
the fewer cycles the battery will be capable of complete. Hence the proposed model for the battery has the
most important variables like power flow, state of charge and deep of discharge. Those variables allow to
assess the performance of the battery, and design the most optimal battery configuration
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The voltage and current are the inputs for the battery model. Those input parameters are determined by the
PV model. As a result, the state of charge, the discharging current, and the voltage are the outputs signals of
the model. The limit of these values are set by the control unit, which is described later in this chapter.

The model is based on the simplified equivalent electric circuit of the battery, shown in Fig. 4.10. The circuit
includes a controllable voltage source as the representation of the open circuit voltage (V). This voltage is
the electrochemical potential of the battery, which in this study is considered as a constant value. The resistor
(rins) represents the total internal resistance, experienced by the current (i) in the battery. The resistance
includes the electronic and ionic components.
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Figure 4.10: Simplified equivalent circuit of the battery

Applying Kirchhoff’s Law to the circuit, the voltage flow through the battery is determined, by Eq. (4.17).
The power flow in the battery can be determined using the definition of the electrical power Py, = i;,V}, as
expressed in Eq. (4.18). The state of charge (SOC) of the battery is defined by the relationship of the instanta-
neous energy inside the battery and the total battery capacity, by Eq. (4.19).

Vi =Voc—ip Tint (4.17)
Py =iy Voc—ip" Tint (4.18)
JPpdt
SOC=——-100% (4.19)
Q' Vh,nom

Assumptions

Some asumptions were taken in the model to simplify the complexity of the battery operation and get a prac-
tical representation of the component. The temperature variations and electrochemical reaction inside the
battery are neglected. The internal resistant is assumed to behave in a linear relationship independently of
the temperature and chemical reactions. Those assumptions are valid since the aim of the model is to assess
the components from the system perspective and not detailed.

Consequently, the battery model was built on Simulink using the above described equations and the battery
specifications presented in Table 4.3. A detailed block diagram of the battery model implemented in Simulink
is shown in Appendix A.

4.2.4. Storage Tank Model

The hydrogen produced by the electrolyzer is stored in a container. A steel storage tank was selected as the
most suitable option because it is relatively small and cheap. This model determines the amount of hydrogen
and pressure inside the tank. The amount of gas inside the tank helps to determine the optimal capacity for
storage of any hydrogen production rate.

This model is developed based on the study from Al-Refai et al. [16]. Hydrogen can be considered as ideal
gas, since the operational temperature and pressure are in the range where this gas behaves as an ideal gas.
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Table 4.3: Battery technical specifications

Parameter Value

Brand Fullriver DC70-12
Type AGM

Capacity 70 Ah

Rated voltage 12V

Internal resistance 5.5 mQ

Operating temperature 25 °C
Dimensions (LxWxH) 260x169x211 mm

Weight 24.2kg
Pressure [Pa]
H, mass Gas storage
flow [kg/h] tank model . W]
_— nergg

A J

Figure 4.11: Block diagram of the storage tank model, representing the input and output signals

Assuming hydrogen behaving as an ideal gas means that the inter-molecular forces are insignificant. Thus,
the pressure increase over a unit of time inside the tank is determined by Eq.(4.20).

dPank . mm, RT
dr Mpy, V),

(4.20)

In equation (4.20), z = 1.0006, is the compressibility factor for hydrogen, which corrects the deviation of a real
gas from ideal gas behavior. My, =2g/Mol is the hydrogen molar mass. And m'g,, is the hydrogen mass flow
rate being delivered by the electrolyzer in (g/s). V, is the volume of the tank in (m3); T is the gas temperature
in kelvin (K); and R=8.3144 m®PaK~'mol~" is the ideal gas constant. The pressure values is calculated by
integrating dP/dt over the operation time.

Additionally, the energy stored in the tank can be determined by Eq. (4.21).

Etank = mp, x HHV x 3.6 4.21)

Where, E;q, is the chemical energy in the tank in (kWh), mp, is the hydrogen mass in (Kg), and HHV=39.4
kWh/kg is the high heating value of molecular hydrogen.

Assumptions

This model assumes that the compression of hydrogen is an adiabatic process, thus temperature variations
are neglected. The compression losses are not included in the model. All auxiliary power requirements such
as pumps, valves and connector are not part of the model. These assumptions are made for the sake of
simplicity. Nevertheless, the assumptions make this model less accurate, especially since storing hydrogen
gas demands an addition of energy to reach high pressure levels.

Consequently, the hydrogen storage model was build on Simulink using the above described equations. A
detailed block diagram of the hydrogen storage model implemented in simulink is show in Appendix A.
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4.3. Power Control Strategy

The power control unit is responsible for managing the energy flow in the system. Energy is taken from the PV
system and distributed to rest of the components. The control strategy depends on the system configuration
and the optimization function. For instance, a direct coupling between the PV system and the electrolyzer
will require a less sophisticated control strategy since the electrolyzer directly draws the current from the PV
modules. Nevertheless, an arrangement including PV modules, batteries, electrolyzer, and auxiliary compo-
nents requires a more elaborated control. Voltage levels need to be adjusted, and power needs to be optimally
distributed among all the components. Overall, the hybrid systems performance depends on the control unit
for an optimal operation.
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Figure 4.12: Load values in function of the amount of power delivered by the PV modules.

The proposed control strategy is designed for the system configuration that includes PV modules, electrolyzer,
battery, and power electronic components. The goal is to determine the moments when the energy should
be stored in the battery or consumed by the electrolyzer, minimizing the dumping of energy.

The control starts by reading the instantaneous values of: the power delivered by the PV modules (P;,), the
battery state of charge (SOC) and the electrolyzer power consumption (P;y44)-

Four operational levels have been defined for the electrolyzer, to safeguard its lifetime, and optimize the
energy consumption of the system. This means that the electrolyzer power consumption (Pj,44) is defined
by the power delivered from the PV system (Pp,). Based on the PV generated power, the electrolyzer might
operate at 0%, 50%, 70%, or 100% of its capacity. For instance, when the generated power -from the PV
system- is more than 1.25 times the electrolyzer rated power (P,,>1.25P 7%); the electrolyzer operates at its
maximum capacity (Proqq = P);**). In the next level, the electrolyzer works at 70% of its capacity when the
generated PV power is between 0.5 and 1.25 times the electrolyzer rated power. When the PV system generates
between 0.1 and 0.5 times the electrolyzer peak power (P];“%); the electrolyzer runs at 50% of its capacity. For
a PV power less than 0.1 of P;**; the electrolyzer does not operate. Figure 4.12 illustrates the four operation
levels of the electrolyzer as a function of the power delivered by the PV system.

Once the load value (P;,,4) is defined, the control unit determines how much power should be provided to
the electrolyzer, or stored in the battery or dumped. The decision is determined by subtracting the PV power
and the fixed load value (Py;fr = Ppy—Pjoaq)- Based on the irradiance level, the result might be either positive
or negative. In other words, this value tells when there is a surplus or deficit of energy in the system. For either
situation, the next step for the control unit is to verify the battery state of charge (SOC).

Similarly to the electrolyzer, the battery has two levels for the state of charge (SOC). These levels are es-
tablished to safeguard the battery lifetime. For lead-acid batteries, the literature suggests that the state of
charge should not be lower than 40% and higher than 90%. Hence, when the state of charge reaches a value
of SOC=90%, the battery will be considered fully charged. Likewise, the discharging process stops when
SOC=40%.
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For the condition when Pg;¢ > 0 and SOC<90, the power is used to charge the battery. In contrast, the power
will be dumped if the battery is fully charged (SOC=90%). This situation is not desirable, yet the control
algorithm has to include this possibility to avoid undefined control errors.

When there is an energy deficit on the system Pg;sr < 0, but the battery has enough energy stored (40%<SOC<90%),
the electrolyzer draws energy from the battery, thus the battery discharges. Lastly, the system will experience

a power shortage when both conditions Py < 0 and SOC<40% are reached, thus the systems blacks out . The
described system control is illustrated in a flow diagram by Fig. 4.13.
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Figure 4.13: Flow diagram of the system control

4.4. Performed Simulations

Three system configurations were tested, in order to assess the performance of the hybrid system. The first
configuration is a direct coupling between the PV modules and the electrolyzer. The second configuration
includes a maximum power point tracker (MPPT) between the PV modules and the electrolyzer optimizing
the electricity production from the solar panels. The third configuration includes the same components from
the second one, plus a battery bank. Figure 4.14 illustrates the three system configurations tested in this
thesis. The next chapter describes in more detail each configuration along with the performed analysis.

Additionally, scaling of the system components is analyzed, using the third system configuration. Under-
standing how each component size affects the performance of the system, is essential for the design of such
a system. Hence, a total of one-hundred combinations of component sizes were simulated. Table 4.4 shows
the sizes for the PV modules, batteries, and electrolyzer utilized. The combinations were done as shown in
Fig. 4.15
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Direct coupling between photovoltaic (PV)
modules and the water PEM electrolyzer.
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the energy fluctuations from the PV modules.
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Figure 4.14: Schematic representation of the three system configurations

Table 4.4: Size components utilized for the performed simulations

Battery bank (Ah) Electrolyzer (W)

PV modules (W)
600
1200
1800
2400
0.6

AN

70 140 210 280 350

7N

0.12 0.24 048 0.9 1.2
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Figure 4.15: Tllustrative representation of the combinations used to asses the impact of component size.

4.5. Non-dimensional Sizing Factors

In order to analyze and explain the simulation results in a more comprehensive way, six non-dimensional
factors are proposed. The factors relate the three main variables of the system: the PV modules, the bat-
tery bank, and the electrolyzer. The proposed factors aim to provide a criterion for the system design. The

following section introduces each factor.
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Battery energy factor (BEF)

The battery energy factor (BEF) is equal to the installed battery capacity (in Wh) of the system divided by the
total annual energy delivered from the modules (in Wh) Eq. (4.22). This factor provides a relative comparison
between the battery and PV modules size. Ideally speaking, having a BEF=1 means that the PV generated en-
ergy over a year can be stored in the battery bank. Since batteries have a low energy density (60 Wh/1), storing
large amounts of energy means a large volume of batteries. For instance, using 2 solar modules (300 W each)
will approximately generate 600 kWh/year in Delft. This means a storage container of 10 m®. Additionally,
since batteries naturally self discharge over time (6% per month), a big amount of energy (216 kWh) will be
lost. Hence, practically speaking having a system with BEF=1 is far from an optimal design.

BEF = battery energy capacity [Wh]
 annual PV energy generated [Wh]

(4.22)

PV to load factor (PVL)

The PV to load factor (PVL) is a relative size comparison between the nominal PV module power (in watt peak
Wp) and the yearly average load value (in watts) Eq.(4.23). The last one is defined as the energy consumed by
the electrolyzer over a year divided by the number of hours in a year. For example, an energy consumption
of 876000 Wh during a year represents an yearly average load value of 100 W. This value is related to the elec-
trolyzer utilization. For instance a averange load of 100 W might represent a 120 W (rated power) electrolyzer
operating most of the time at 83% of its capacity.

_ averange annual load [W]
 PVinstalled capacity Wyl

PVL (4.23)

Energy deficit factor (EDF)

The energy deficit factor (EDF) is equal to the annual energy deficit (in Wh) divided by the annual PV energy
output (in Wh) Eq.(4.24). As explained in Section 3.3, the system experiences an energy deficit when neither
the PV modules nor the battery can deliver power to the electrolyzer. The electrolyzer needs a minimum
amount of power to start its operation which is defined by the power control unit. The minimum amount of
power needed to run the electrolyzer is defined to be 10% of its rated power, according to in figure 4.12

: annual energy deficit [Wh]
" annual PV energy generated [Wh]

EDF (4.24)

Surplus energy factor (SEF)

In contrast to the energy deficit factor, the surplus energy factor (SEF) is proposed. This is equal to the energy
dumped by the system (in Wh) divided to the total PV generated energy (Wh) Eq. (4.25). The energy dumped
might occur during high irradiance periods and small storage capacity. The higher the value the higher the
amount of energy dumped. An optimal system operation should have a SEF value as close as possible to zero.

annual energy dumped [Wh]

SEF =
annual PV energy generated [Wh]

(4.25)

Load factor (LOF)

The load factor is defined as the fraction between the yearly average load consumption (in watts) and the
installed load capacity (in watts) Eq. (4.26). This factor evaluates the electrolyzer utilization over a year. A
value of LOF=1, means the electrolyzer is operating at its maximum capacity during the entire year. Indeed,
the value can not reach a higher value than LOF=1.
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averange annual load [W]
LOF = - (4.26)
maximum rated load [W]

Energy consumption factor (ECF)

The difference between the surplus and the deficit energy is defined as the energy consumption factor (ECF).
This index shows the relationship between the actual energy used and the total PV generated energy Eq.(4.5).
A value of ECF=0 can indicate two situations.

First, the same amount of energy is dumped by the system as the amount of energy to run the electrolyzer over
ayearislacking. Secondly an ECF=0 can also mean that the system is effectively managing all the energy. Both
dumped and deficit energy are equal to zero. The last case is the most desired one. Having values of ECF<0
represent a lack of energy for the system. The more negative the value, the bigger the energy deficit is. This
value can be corrected by either adding more solar modules ore reducing the load value. On the other hand,
when the ECF>0, it means that the system is dumping more energy than the deficit energy. This situation
might be corrected by both increasing the battery capacity of the system or increasing the energy utilization.

annual energy dumped [Wh] - annual energy deficit [Wh]
annual PV generated energy [Wh]

ECF =

ECF = SEF-EDF (4.27)






Model Results and Discussions

This chapter presents the simulation results of the solar-to-hydrogen (S2H) system operation. The results are
presented in three parts. Each section corresponds to a different system configuration : (I) direct coupling,
(II) including an MPPT, and (III) including a battery bank. The first section presents the results of a tailored PV
module directly connected to the PEM electrolyzer. In the second section the results of hydrogen production
using a PEM electrolyzer powered by a commercial PV module attached to a MPPT are discussed. The third
section, presents two designs. The initial design includes a set of PV modules, MPPT and batteries, operating
for the entire year. The final design includes two set of components. One designed for summer and another
for winter. For all the configurations, the results of the PV energy yield, the hydrogen production, the elec-
trolyzer lifetime, and the system efficiency are discussed. All simulations were run for irradiance data over a
year with a resolution of one hour from Delft.

5.1. System Configuration I: Direct Coupling
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Figure 5.1: Schematic representation for system configuration I: Direct coupling.

System configuration I is the most straightforward system set up between the PV modules, as the primary en-
ergy source, and the electrolyzer as the load. The initial design consists of one solar panel connected directly
to a polymer electrolyte membrane (PEM) electrolyzer of a single cell of 120 W rated power. The PV module
delivers direct current (DC) power to the electrolyzer. The electrolyzer uses this energy to split water into oxy-
gen and hydrogen gas. A water tank of 20 liters is connected to the electrolyzer using a pump, to guarantee a

65
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constant water flow during the system operation. This configuration does not include extra power electronic
components. Because of that, the configuration becomes a simple and relatively low-cost system. Fig. 5.1
shows the schematic representation of the system configuration.

The optimal operation between the PV modules and the electrolyzer is achieved when all the available so-
lar power is used to produce hydrogen. The optimal operating point for the PV modules is known as the
maximum power point (MPP). In this thesis, the optimal operating point of the electrolyzer is defined by the
nominal operating point (60% rated power). Thus, the optimal operating point of the system is the combina-
tion of both conditions.

The operating point of the system can be identified using the current-voltage (I-V) characteristic curve of
both components. Using the data of a SunPower-300 module, and the model implemented in Simulink, the
I-V curve for the solar panel is obtained. Figure 5.2 shows the I-V curve of the PV module for different ir-
radiance conditions. Similarly, the P-V characteristic curve in Fig. 5.3 shows the irradiance dependence of
the maximum power point. The MPP of the PV module is irradiance and temperature dependent. Any op-
erating point of the system different than the MPP involves energy losses in the system. In other words, the
harvesting of the available solar energy is not optimal.
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Figure 5.4 shows the I-V curves of both components the electrolyzer and the PV module. Several electrolyzer
configurations curves are included in the figure. Each curve of the electrolyzer represents new cells con-
nected in series. The more PEM cells connected in series, the closer the operating point it gets to the MPP
of the solar panel. Each intersection point in the I-V curve defines the operating point for the whole system.
Unfortunately, the crossing point for a single cell electrolyzer working with the SunPower-300 module is far
distant from the MPP of the module. This means significant energy losses during the system operation.

When the electrolyzer and the PV modules are connected, the operating point is limited by the load value
of the electrolyzer. This means that the PV module only delivers the power that the electrolyzer can con-
sume. When the PV modules can produce more solar power than the possible power to be consumed by the
electrolyzer, the solar power is wasted; thus the configuration is not optimal.

The MPP of the solar modules is located at a relatively high voltage (48 V) and low current (5.8 A). The reason
for that is because the PV modules are designed to achieve higher voltages than current values. Generally,
a solar panel is made of several single solar cells connected in series; this causes that the voltage builds up.
On the other hand, the PEM electrolyzer operates at a relatively low voltage (2 V) and high current (50 A).
The reason for that is because of the thermodynamics and electrochemistry principles that govern the water
splitting process. These concepts were already introduced in Chapter 2.

The mismatch of voltage and current between the electrolyzer and the PV module represents a limitation for
easy and direct coupling of the components. A direct connection between the commercial module (SunPower-
300) and the electrolyzer represents a significant amount of energy losses. Then, this thesis explores two al-
ternatives to find the optimal direct configuration between the PV modules and the electrolyzer. The first
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alternative is increasing the number of PEM electrolyzers connected in series to achieve a higher voltage
closer to the MPP of the PV module. The second alternative is tailoring a PV module that satisfies the voltage
and current levels of the electrolyzer. Both alternatives are discussed in the following sections.
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Figure 5.4: Current-voltage characteristic curve of SunPower-300 solar panel exposed at different irradiance values, and electrolyzer
with several cells connected in series.

Connecting PEM cells in series
When more than one PEM cells are connected in series, the operating voltage of the electrolyzer increases.

The voltage increases because each PEM cell needs an equal potential to split water. Hence, the operating
voltage of the whole stack increases proportionally to the number of cells connected in series. Figure 5.4
shows the I-V curve of the SunPower-300 module exposed at different irradiance levels and an electrolyzer
with different cells connected in series. The simulations were run for 2, 6, 10, 15, 20 and 24 identical PEM
cells connected in series. Each configuration adds up the voltage level and the power consumption of the
electrolyzer. For a single PEM electrolyzer, a voltage of approximately 2 V is needed. Then, to achieve a
voltage of 48V, the electrolyzer needs 24 PEM cells connected in series. The achieved voltage is closer to the
MPP of the PV module. Consequently, the operating voltage of the system is optimized.

Connecting several PEM cells in series increase the operating voltage of the electrolyzer. Nevertheless, the
current delivered by the PV module remains relatively low (6 A). The current value of 6 A, represents less than
15% of the electrolyzer’s rated current (40 A). The hydrogen production related to that current is significantly
low. Low current value means that the electrolyzer is not being optimally used. Hence, the current from the
PV module needs to adapt to the electrolyzer requirements.

The current value can be increased by connecting more solar panels in parallel. The electrolyzer utilized
in this thesis draws a maximum current of 50 A. Hence, using nine solar modules connected in parallel (6

Ax9=54 A), the current and voltage of both components are satisfied.

Consequently, the system for an optimal direct configuration needs an electrolyzer stack made of 28 cells in
series, and nine solar modules connected in parallel. The electrolyzer reaches a power of 2400 W (48 Vx50 A),
and the PV modules built up a power of 2700 W (300 Wx9). These results show that the voltage and current
are limiting factors when sizing an S2H system for a direct configuration.

Tailoring a PV module
The second alternative to match both voltage and current of the components is by customizing a PV module.

The PV module is designed to provide a relatively low voltage (2 V) and higher current (50 A). In order to
achieve that, the solar module is customized with several single solar cells connected in parallel and only few
cell connected in series. In this way, the voltage remains low and the current builds up.

The I-V curve of a single cell can be plotted in a graph by using the implemented model in Simulink. The
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parameters of the solar cell are shown in table 5.1. Figures 5.6 and 5.7 show the generated current and voltage
of several solar cells connected in series and parallel. A tailored solar module made of 5 x 7 (seriesx parallel)
solar cells, reaches an open circuit voltage of 3.1 V and short-circuit current value of 60.2 A. The power peak of
the tailored PV module is approximately 150 W. The customized PV module satisfies the voltage, current and
power levels for the electrolyzer. Consequently, the final system configuration consists of a single cell PEM
electrolyzer of 120 W, and a tailored PV module of 150 W.
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Figure 5.5: Solar cell configuration for the tailored PV module.
Table 5.1: Single solar cell specifications
Parameter Value
Manufacturer BSolar Ltd.
Material Monocrystalline P-Type Silicon
Mean power 4.30W
Peak power voltage, Viump 0.50V
Peak power current, Lymp 8.60 A
Open circuit voltage, V¢ 0.620V
Short circuit current, I, 8.88A
Short circuit temperature coefficient 3.14 mA/K
Ideality factor, n 1.3
Dimensions 156 x 156 mm

Regarding size, the second alternative is the smaller option. The size of the system is related to the PV mod-
ule and the single cell electrolyzer. Additionally, the second alternative is more straightforward than the first
alternative since it implies fewer components. A system with two components, one PV module and one
electrolyzer, is relatively less expensive than a system with 28 PEM cell electrolyzer and nine PV modules.
Consequently, the most cost-effective alternative for a direct connection between the PV module and a PEM
electrolyzer is by customizing a PV module that suits the electrolyzer operating characteristics. The next sec-
tions discuss the performance of the system using the tailored PV module and the single cell PEM electrolyzer.

5.1.1. PV Energy Generation

The simulation run in this section, and in the rest of this chapter uses irradiance data on an hourly basis from
Delft, as shown in Fig. 5.8. The highest level of irradiance happens during summer, with values up to 900
Wh/m?2. Over the entire year, the amount of irradiance in Delft is 1030 kWh/m?. The power generation by
the system for the period of a year is shown in Fig. 5.9. Using the tailored module of 150 W), (Watt-peak) the
annual power production is 143.9 kWh/year. The efficiency of the module is 16.4% (143.9/ (0.156% x35x1030)).
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Figure 5.6: I-V characteristic at STC for various solar cell

Figure 5.7: P-V characteristic at STC for various solar cell
connected in series (s) and parallel (p).

connected in series (s) and parallel (p).

The efficiency value is calculated only considering the actual production of energy, but not including the
cable losses or any other kind of energy losses in the system. The fact that the tailored PV module fits the
current and voltage of the electrolyzer reduces the electric losses for a direct configuration.
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Figure 5.8: Irradiance data from Delft over the period of a year.
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Figure 5.9: Power generated from the tailored PV module exposed to the yearly irradiance of Delft.

5.1.2. Hydrogen Production

For a direct configuration system, all the generated power by the PV module is used to produce hydrogen.
The tailored PV module provides the current and voltage to the electrolyzer without the need for any extra
electronic components. The production of hydrogen is proportional to the current delivered by the PV mod-
ule. The more current delivered by the PV module, the higher the hydrogen production from the electrolyzer.
Over the period of a year, the system produces 1.831 kg of hydrogen, as shown in Fig. 5.10. This production
means that for each kilogram of hydrogen, the system consumes 78.59 kWh. For an ideal hydrogen produc-
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tion (100% efficiency), the energy to produce one kilogram of hydrogen would be 33.33 kWh/kg. Thus, the
efficiency of the electrolyzer in this system configuration is 42.41%.

The hydrogen production in the system is limited to the electrolyzer capacity. The electrolyzer capacity is 120
W. All the power production higher than 120 W cannot be used to produce hydrogen. Hydrogen cannot be
produced with the energy surplus because it oversaturates the electrolyzer’s capacity. Hence the component
sizing is crucial for an optimal system design. This issue can be solved by over-sizing the electrolyzer capacity
or by adding an energy storage component to the system.

The hydrogen production is directly proportional to the irradiance levels. During summer when there are
higher irradiance levels, the hydrogen production increases. Figure 5.10 shows how the rate of hydrogen
production increases significantly during the period when there is more solar power available. During winter
(left/right area in Fig. 5.10) the hydrogen production is minimal.

Additionally, as part of the electrolysis process, oxygen is produced in a total amount of 13.76 Kg. The water
consumption corresponding to the generated hydrogen is 16.48 Kg of water. Understanding the electrolysis
process is essential because both water and oxygen are substances that are always present during the hydro-
gen production. Oxygen can be reused for medical applications or to generate electricity when combining
with hydrogen using a fuel cell.
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Figure 5.10: Cumulative hydrogen production over a year using a direct coupling configuration of a tailored PV module and a PEM

electrolyzer.
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Figure 5.11: Hydrogen production using the direct coupling system configuration of a tailored PV module and a PEM electrolyzer.

5.1.3. Electrolyzer Lifetime Impact

The electrolyzer is the most sensitive component of the system. Electrochemical, mechanical and electrical
stress during its operation reduce teh lifetime of this component. Additionally, this is the most expensive
component of the system. The material properties of the membrane in the electrolyzer are affected by the
voltage applied during operation. For instance, every time the electrolyzer starts its operation, there is an
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overpotential needed to initiate the reaction. The ion conductivity and the gas permeability are the prop-
erties more susceptible to decay. The more frequent this overpotential needs to be applied, the more likely
the membrane properties deteriorate. Every time the electrolyzer shuts down and turn on again, a high ac-
tivation overpotential is delivered to the membrane. This operation condition induces a local overpotential
in the cathode higher than 1.4 V which degrades the membrane, reducing the permeability of hydrogen ions
through the membrane. Therefore, the assessment of the electrolyzer’s lifetime in this thesis is indirectly done
by assessing the number of start-stop cycles.

The optimal operating strategy would be when the system operates with zero number of start-stop cycles.
The electrolyzer stops running, every time the voltage from the PV module is less than the thermoneutral
voltage of the electrolyzer. In theory for a 100% efficient electrolyzer, the thermoneutral voltage would be
1.48 V. In practice, a 74% efficient electrolyzer would need a potential of 2.0 V. In this thesis, the electrolyzer
model works with a thermoneutral voltage of 1.6 V. This value is defined based on the overpotentials defined
in the model. Hence, every time the PV module delivers a voltage lower than 1.6 V, the electrolyzer stops
running.

Figure 5.12 shows the voltage fluctuation of the electrolyzer for a year. For the periods of lower irradiance
(left/right side of the figure), the voltage reaches an average value of approximately 1.8 V. During summer,
the tailored panel generates voltages up to 2.8 V. Figure 5.13 shows a detail of the voltage and current of the
electrolyzer during winter days. The daily intermittency of sunlight generates fixed start-stop cycles for the
electrolyzer.

Over the time of 160 hours, there are seven periods when the electrolyzer receives a voltage value less than
1.6 'V, as shown in Fig. 5.13. Below the level of 1.6 V, the electrolyzer does not draw current. This means the
electrolyzer does not produce hydrogen because there is not enough energy to make it operate. Over the
period of a year, the electrolyzer switches on-off 365 times. In practice, the electrolyzer might experience a
higher frequency of on-off times because the second-to-second irradiance data might have moments when
the irradiance crosses zero. Additionally, it is important to mention that 365 times of on-off cycles for the
electrolyzer is because of the use of a tailored PV module. When using a commercially available module for
direct coupling, the electrolyzer will receive relatively high voltages and low current values. Thus, for a direct
coupling PV module-electrolyzer it is strongly suggested to use a tailored PV module to achieve an optimal
operation.
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Figure 5.12: Voltage of the electrolyzer directly coupled with the tailored PV module for the period of a year.

5.1.4. System Efficiency

The efficiency of the system is calculated by multiplying the efficiency of each component. The energy uti-
lization of the system is calculated by measuring how much solar energy is actually converted into hydrogen.
First, the PV module efficiency is equal to the energy yield of the module divided by the solar energy falling
into the module. Second, the efficiency of the electrolyzer is obtained by dividing the energy content in the
produced hydrogen to the energy being consumed by the electrolyzer. The heat losses in the electrolyzer and
the voltage losses in the cables are not taken into account in this analysis. Then, the efficiency of the system
is calculated by the expression below.
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Figure 5.13: Voltage and current of the electrolyzer operationg wit a tailored PV module

Nsys =MNpv-Tel
Ppu EHz,theory

Gin x nsc X Apy  Ep, real
_ 143.9 33.33
~ 1030 x 35 x 0.156% 7859
=6.95%

where, Py, is the annual energy delivered by the module in kWh. G;j, is the annual irradiance falling into the
module in kWh/m?. The effective area of the module is equal to the area of a single solar cell Apy multiplied
by the number of solar cells 75, in the module. The theoretical energy content in one kilogram of hydrogen
is En, theory = 33.33 kWh/kg. And the actual energy in kWh used by the system to produce one kilogram of
hydrogen is Ep, real-

5.1.5. Remarks for System Configuration I

A direct coupling of a PV module and a PEM electrolyzer to produce hydrogen is possible. The challenge for a
direct configuration is to adjust the I-V curves of the components to find the optimal operating point. There
are two alternatives to adjust the I-V curve in a direct system configuration. The first option is by connecting
more than one PEM cell in series to build up the operating voltage of the electrolyzer. Additionally, this al-
ternative needs few solar panels connected in parallel to reach the current value that satisfies the electrolyzer
current. The second alternative and the most effective for a direct configuration is by tailoring a solar module
that satisfies both the current and voltage of the electrolyzer. For a 120 W electrolyzer, the most optimal PV
module consists of 5x7 (seriesxparallel) solar cells. The hydrogen production is proportional to the irradi-
ance falling in the PV module. The higher irradiance, the more hydrogen the system produces. Overall, the
system efficiency has a value of 6.95%.

The optimal design of the system is achieved when the energy yield of the PV module is a bit higher than
the electrolyzer capacity. The downside of the direct system configuration is the start-stop cycles of the elec-
trolyzer because of the daily irradiance fluctuations. Reducing the start-stop cycles will safeguard the elec-
trolyzer lifetime. A solution for this issue is including an energy storage component that stores the energy
excess during the day and feeds it during the night. Another alternative to explore might be the operation of
the electrolyzer only during summer. These alternatives are discussed further in this chapter.
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Figure 5.14: Schematic representation of system configuration II: Coupling including a MPPT.

The system configuration Il includes a direct current (DC/DC) power converter and a maximum power point
tracker (MPPT) between the electrolyzer and the PV module. One SunPower-300 module converts the sun-
light into electricity to power the entire system. Table 5.2 shows the characteristics of the SunPower-300 mod-
ule. The size and parameters of the electrolyzer (120 W) remain the same as in the previous configuration.
The power converter adjusts the voltage and current from the PV modules to the electrolyzer. Figure 5.14
shows a schematic representation of the system configuration II. The following sections discuss the results of
the system performance.

Table 5.2: Specification of the PV panel

Parameter Value

Model SunPower 300
Technology Crystalline silicon
Area of each module 1.6 m?

Peak power, Pmax 300 W

Peak power voltage, Viupp 54.7V

Peak power current, I;pp 5.49A

Short circuit current, Is. 5.87 A

Open circuit voltage, V. 64V
Temperature coefficient, V,, -176.6mV / K
Efficiency, npy 18.4%
Number of cells, N 96

5.2.1. PV Energy Generation

Over the entire year, the solar panel generates a total energy equal to 303.1 kWh/year, as shown in Fig. 5.15
Given that the annual irradiance in Delft is 1030 kWh/m?, and the area of the module is 1.6 m?, the efficiency
of the PV module is 18.39%. The efficiency value is almost equal to the theoretical efficiency of the module
(18.4%). For comparison purposes, the system was run without the MPPT. Then, the total energy produced
is 13.9 kWh/year. The power generation of the PV module without the MPPT is illustrated in Fig. 5.16. The
MPPT significant affects the energy harvesting in approximately 22 times larger than a system without MPPT.
The reason for this behavior is because, without the MPPT, the operating point of the PV module is defined
by the electrolyzer, as shown previous system configuration in figure 5.4. The MPPT adjusts the electrical
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characteristics of the load to let the PV modules operate at its maximum power point for all the irradiance

levels. Consequently, the use of an MPPT benefits the system by efficiently harvesting the maximum energy
possible from the PV modules.
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Figure 5.15: Power generated by the SunPower-300 module using an MPPT.
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Figure 5.16: Power generated by the SunPower-300 module without using an MPPT (Used for contrasting purposes).

5.2.2. Hydrogen Production

Over the period of a year, the system generates a total amount of 3.703 Kg of hydrogen, as shown in Fig. 5.17.
The electrolyzer consumes 266 kWh/year to produce that amount of hydrogen. Thus, each kilogram of hydro-
gen produced by the system needs 71.83 kWh. The energy consumption to produce one kilogram of hydrogen
is lower than the one on system configuration I. This result can be explained looking at figure 5.18. There are
two clear limits for the hydrogen generation. The upper limit is determined by the maximum capacity of the
electrolyzer. The PV module can deliver a maximum power of 300 W. Then, all the power delivered by the
module, higher than the 120 W is practically wasted. The solution for this issue is using a higher electrolyzer

capacity. Then the challenge for an optimal configuration is to find the perfect combination size between the
electrolyzer and the PV modules.

5.2.3. Electrolyzer lifetime impact

Corrosion in the electrodes, short circuit damage, and membrane degradation are some of the main causes
that affect the electrolyzer lifetime. The membrane degradation is severely impacted by the rapid load changes,
operating voltages close to the thermoneutral voltage, and the high number of start-stop cycles. In this re-
search, the analysis is more focused on the system operation. Hence, similarly than for the system configura-
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Figure 5.17: Cumulative hydrogen production over a year by the electrolyzer powered with one Sun-Power-300 attached to an MPPT.
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Figure 5.18: Hydrogen production by the electrolyzer powered with one Sun-Power-300 module attached to an MPPT.
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tion [, the electrolyzer lifetime is indirectly assessed by the number of start-stop cycles.

The electrolyzer stops running when the voltage from the PV module is lower than the thermoneutral voltage
(1.6 V). Figure 5.19 shows the voltage fluctuation of the electrolyzer operating during a year. There are two
relevant points in the figure. The point on the bottom which represents the minimum voltage at which the
electrolyzer operates (1.6 V). The point on the upper side (2.4 V) represents the cut-in voltage of the elec-
trolyzer. The voltage of 2.4 V is the maximum voltage limit the electrolyzer can handle. Looking closely at the
voltage fluctuations of the electrolyzer shown in figure 5.20, the number of start-stop cycles can be identified.
There are seven times when the electrolyzer does not operate in a period of approximately 170 hours. This
means, the electrolyzer powers on and off 365 times during a year. Essentially, the off-moments represent the
night times, when there is no sunlight. Comparing to the previous system configuration, there is the same
number of start-stop cycles.

Another simulation without the MPPT was performed for comparison purposes. Figure 5.21 shows the volt-
age fluctuations for the electrolyzer without the MPPT. The results show that the MPPT clearly, increases the
operating voltage of the electrolyzer. This is because the power delivered by the PV modules is optimally
harvested by the MPPT. Thus, the use of an MPPT in the system configuration does impact in the start-stop
cycles of the electrolyzer.
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Figure 5.19: Electrolyzer’s voltage for the system configuration II (using an MPPT).
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Figure 5.20: Voltage and current values of the electrolyzer working with the system configuration II (including an MPPT).

5.2.4. System Efficiency

Similar than in the previous section, the system efficiency is calculated by multiplying the efficiency of each
component. The efficiency of the PV module is the ratio of the output power to the solar energy falling into the
module. Similarly, for the electrolyzer, its efficiency is the ratio of the energy consumed by the electrolyzer to
produce one kilogram of hydrogen to the theoretical energy value to produce one kilogram of hydrogen with



5.2. System Configuration II: Including an MPPT 77

1.85

1.8

1.75

Voltage (V)
3

169 | i

1.6

\ \ I I \ \
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (hours)

1.55 : ‘

Figure 5.21: Electrolyzer’s voltage operation without the MPPT (showed for contrasting purposes).

a 100% efficiency electrolyzer. The efficiency of the MPPT is neglected in this analysis because, in practice,
the MPPT consumes a minimal amount of energy compared to the rest of the components. Additionally, the
system experiences heat losses in the electrolyzer. The heat losses in the system are also neglected because
the analysis is out of the scope of this thesis. Nevertheless, we are aware that the system in real operation
needs a special analysis of the heat losses. Then, the efficiency of the system configuration II is calculated as
shown below.

Nsys =Mpv-Mel
_303.1 33.33
~1030x 1.6 8538
=0.1839 x 0.3909

=7.18%

5.2.5. Remarks for System Configuration II

A system to produce hydrogen via a PEM electrolysis using solar panels profits by the implementation of an
MPPT. The main impact of the MPPT is the automatic adjustment of the current and voltage from the PV
modules to the electrolyzer. The MPPT improves the system by more efficient energy harvesting. In fact, the
connection of a commercial solar module with the electrolyzer is strongly advised not to use it without the
MPPT. The energy losses are significant when the system operates without the MPPT. Regarding the hydrogen
production, there is not a direct connection between the use of the MPPT and the hydrogen production rate.
Nevertheless, the electrolyzer performance is significantly increased by the voltage delivered by PV module
when using an MPPT. The key for an optimal configuration is the correct sizing of the components. Using a
300 W module and 120 W electrolyzer, there is a significant waste of energy during high irradiance because
the system can only consume 40% of the energy production. The optimal system design must include equal
capacity for the PV module and electrolyzer. Furthermore, the start-stop cycles are not affected by adding
the MPPT into the system. The system configuration needs an energy buffer to reduce the start-stop cycles
caused by the daily solar intermittency.



78 5. Model Results and Discussions

5.3. System Configuration III: Including an MPPT and Batteries

This section presents the results of the last system configuration analyzed in this thesis. Two system designs
are discussed here. (1) initial design, and (2) final design. The initial design is similar to the design presented
in the previous section. One set of components running over the entire year. The final design combines
two sets of components. Each set is used for different times in the year. Both designs are presented in the
following sections.

5.3.1. Initial Design

The system configuration in this section includes the PV modules, the electrolyzer, the MPPT and batteries.
The initial simulation includes one SunPower-300 solar panel connected to a 120 W PEM electrolyzer. The
battery is a lead-acid technology of 24 V and 70 Ah capacity. The system layout of configuration III is shown
in Fig. 5.22.

New in this configuration is the power control unit. The unit manages the power in the system, deciding
where and when to feed the right amount of power to each component. The control unit is a key component
for optimal system operation. Overall, the optimal operation of the system is when all the energy is used for
hydrogen production, and there is zero energy wasted. Additionally, an optimal system design utilizes the
battery along its entire deep of discharge. Regarding the electrolyzer, the most wanted operating mode is a
constant operation with very soft voltage fluctuations. In the following sections the results of the PV power
generation, the electrolyzer power consumption, the battery state of charge and the hydrogen production are
presented for the initial design for system configuration III.

N Oxygen 20L
\Q, Y < —
@
P ~ L ) i
TN : H,0
_____ 242V

: ; N/ < ]
300W : - ) . © | R /

PV module ,_?_:_-. ---.é.--- /\

/ i = | 12(|)w
; T MPPT & ,‘ Electrolyzer
V' N~ b e e eeeeeee - e === ===
/ !'bcbc L e e \
Y 4 1 Converter 9
’ 1
a . . i
' 9 |
¢ : .' -------- h
\ I Battery Storage tank
| 24 V,70 Ah

Figure 5.22: Schematic layout of the system configuration for Case IIIL.

PV Energy Generation

The generated power in the first configuration is the result of a 300 W PV module exposed to the irradiance
data from Delft. Figure 5.23 shows the generated power of the panel during a year. The curve follows the bell
shape from the irradiance with a maximum generation during summer (center of the figure) and minimum
generation during winter. Over the entire year, the PV module generates 303.1 kWh. Given that the module
has an area of 1.6 m? and the yearly irradiance in Delft is 1030 kWh/m?. The efficiency of the panel becomes
18.39%.

The generated power is distributed to the electrolyzer and the battery. The electrolyzer operating point is
defined based on the level of power generated by the module. The algorithm to define the operating point
is included in the power control unit. A variable operating point of the electrolyzer is important to create
flexibility in the operation of the electrolyzer. Additionally, the variable operating point helps to minimize
the number of start-stop cycles of the electrolyzer. There are four operating points for the electrolyzer. Those
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Figure 5.23: Power generated by the PV module using the initial design for the configuration III.
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Figure 5.24: Power consumed by the electrolyzer using the initial design for the configuration III.

points are set at 0%, 10%, 50% and 100% of its capacity. The selection of these points was made to safe-
guard the electrolyzer. Figure 5.24 shows the electrolyzer power consumption where three operating points
are marked. The minimum value of 12 W (10%) prevails during the low irradiance periods. Making the elec-
trolyzer operates at 10% of its capacity reduces its energy consumption to prevent stopping its operation.
Hence, the electrolyzer can still work during low irradiance periods or even during the night. The highest
operating point appears more in the center area of the figure. This point belongs to the summer irradiance.
During the mid irradiance levels (like in the spring and fall), the electrolyzer operates at 50% of its capacity.

Even though the electrolyzer has several operating points to optimize the energy consumption, the system
has moments of energy surplus and deficit. The energy surplus happens when the electrolyzer cannot con-
sume more power to produce hydrogen, and the battery can not store more energy. Opposite to that, the
system has an energy deficit when there is no irradiance, and the energy in the battery is not sufficient to
power the electrolyzer. Figure 5.25 and 5.26 show the energy deficit, and the energy surplus of the system,
respectively. Over the entire year, the system has a total energy deficit of 16.820 kW, and an energy surplus of
5.119 kW. The reason for this energy mismatch is the big irradiance difference between summer and winter,
typical from northern countries. Including more solar panels and batteries can solve this issue, but it will lead
to a oversized system.
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Figure 5.25: Energy deficit of the system using the initial design for the configuration III.
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Figure 5.26: Energy surplus of the system using the initial design for the configuration III.

Hydrogen generation

Regarding the hydrogen production, the system generates a total amount of 4.815 kg of hydrogen in a year
as shown in Fig. 5.27. The energy consumption by the electrolyzer for this amount of hydrogen is 303.1
kWh. Hence, the energy-hydrogen ratio of the system is 62.95 kWh/kg. Comparing the hydrogen production
of the configuration without a battery unit, the system generates 1.11 kg of additional hydrogen. Hence,
implementing a battery into the system increases the hydrogen production by 30%.

Electrolyzer Lifetime Impact

Similar than in the previous configurations, the electrolyzer lifetime impact is indirectly assessed by the num-
ber of start-stop cycles during its operation. Figure 5.28 shows the current and voltage of the electrolyzer
during 170 hours. Even the system now includes a battery, the electrolyzer still has moments when it turns
off. Those moments correspond to the times when there is no irradiance. Nevertheless, the off-moments are
shorter than in previous configurations, as shown in Fig. 5.28. The reason of shorter off-moments is because
the energy stored in the battery powers the electrolyzer. Instead of letting the electrolyzer stop working, the
electrolyzer sets up its operating point at its minimum level (12 W), which is approximately equivalent to 6.2
Aand 1.95 V. In order to achieve a constant operation of the electrolyzer, two things can be done. First, modify
the electrolyzer limits in the control unit. And second, increase the number of solar panels to store enough
energy in the batteries to run the electrolyzer during the night. On the one hand, the first option reduces
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Figure 5.27: Cumulative hydrogen production using the initial design for the configuration III.

the hydrogen production by the electrolyzer. On the other hand, the second option generates more energy
surplus during summer.
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Figure 5.28: Current and voltage of the electrolyzer using the initial design for the configuration III.
Battery State of Charge

Similar than the electrolyzer, the battery has also operating limits to optimize its performance. The lower
limit (40%) and the upper limit (90%) are defined to safeguard the battery lifetime. When the battery reaches
40%, the battery stops discharging. On the contrary, when the battery reaches 90% the battery cannot charge
anymore. Figure 5.29 shows that during winter, the battery is not efficiently used. The low irradiance levels
do not allow the PV module to generate enough energy to charge the battery fully. During winter time, the
battery is using only 10% of its capacity. The problem can be solved by adding more solar modules to generate
more power and store it in the batteries. However, during summer there will be more excess of energy that
can be neither consumed or stored. The battery improves its capacity utilization during summer. The battery
charges and discharges over its full range capacity. An optimal system design has a battery size that can
periodically fluctuate between its minimum and maximum state of charge.
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Figure 5.29: Battery state of charge using the initial design for the configuration III.
System Efficiency

The efficiency of the system is equal to the product of each component efficiency. The efficiency of the mod-
ule and the electrolyzer are calculated in the same way than in the previous configurations. New to this
configuration is the battery efficiency, which in this thesis is considered constant and equal to 85%. Never-
theless, in real operation, the efficiency depends on some factors like temperature, the rate of charging and
discharging. Similar than in the previous configurations, the efficiency of the MPPT is neglected for practical
reasons. Hence, the efficiency of the system is calculated by the expression below.

Nsys =MNpv-Nel *Nbat
303.1 33.33
= X X
1030x 1.6 62.95
=0.1839 x 0.5295 x 0.85

=8.28%

0.85

Remarks from the initial design

Adding a battery into the system configuration profits the hydrogen production using PV modules. The bat-
tery works as an energy buffer to supply power to the electrolyzer during low irradiance moments. However,
the irradiance difference between summer and winter creates a mismatch of energy in the system. Energy
deficit during winter and energy surplus during summer are the two pitfalls of the system. A power control
unit is necessary for an optimal system operation. The hydrogen production increases by adding a battery
into the system. Also, the start-stop cycles are significantly reduced. Overall, the system efficiency has a value
0f 8.28%.

5.3.2. Final Design

The system configuration in this section includes a small variation from the initial design. This configuration
is divided in two, a system configuration for winter and another for summer. In this simulation, winter uses
the irradiance data from January to March, and from October to December. Summer uses the irradiance
date from April to September. The configuration for winter includes two SunPower-300 modules attached to
an MPPT, one battery of 24 V, 70 Ah, and the electrolyzer of 120 W. The configuration for summer includes
one SunPower-300 module attached to an MPPT, two batteries of 24 V, 70 Ah, and the electrolyzer of 120 W.
This combined design is proposed in order to minimize the surplus and deficit of energy in the system. The
results in this section are presented in two parts, one for summer and another for winter. The PV power
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generation, the energy surplus/deficit, the hydrogen production, the battery state of charge, and the current-
voltage fluctuations results are presented in the following section.

Winter System Configuration

The generated energy using two modules of 300 W during winter is 137.660 kWh. Figures 5.30 and 5.31 show
the generated power during this period. The system has a minimal energy deficit of 5.937 kWh and an energy
surplus of 3.222 kWh.
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Figure 5.30: Power from the PV using the final design (from January to March) for the configuration III.
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Figure 5.31: Power from the PV using the final design (from October to December) for the configuration III.

Figures 5.32, 5.33, 5.34 and 5.35 show the energy surplus and deficit generated by the system for this configu-
ration. Additionally, the hydrogen produced by the system reaches a value of 1.987 kg. Figures 5.36 and 5.37
show the cumulative hydrogen production during this period. The energy needed to generate one kilogram
of hydrogen is 69.28 kWh/kg. Thus, the electrolyzer efficiency for this configuration results in 48.11%.

The battery state of charge fluctuates in the lower limit range. However, the battery stores enough energy to
run the electrolyzer during the night at its minimum operating level. Figures 5.38 and 5.39 show the state of
charge of the battery during winter. Additionally, current and voltage levels fluctuate along with the irradiance
but always above the minimum operating levels. Figures 5.40 and 5.41 show the current and voltage levels
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Figure 5.32: Energy surplus of the system using the final design (from January to March) for the configuration III.
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Figure 5.33: Energy surplus of the system using the final design (from October to December) for the configuration III.

of the electrolyzer during this period. Important to mention is that the electrolyzer continually runs over the
entire summer period, except during the very few times of energy deficit in the system.
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Figure 5.34: Energy deficit of the system using the final design (from January to March) for the configuration III.
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Figure 5.35: Energy deficit of the system using the final design (from October to December) for the configuration III.
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Figure 5.36: Cumulative hydrogen production by the system using the final design (from January to March) for the configuration III.
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Figure 5.37: Cumulative hydrogen production by the system using the final design (from October to December) for the configuration III.



5.3. System Configuration III: Including an MPPT and Batteries 87

100 " 90%
¥

-
(&)
|

50%

n
o
—

Battery state of charge (%)

T

25 | 40%I | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (hours)

Figure 5.38: Battery state of charge using the final design (from January to March) for the configuration III.
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Figure 5.39: Battery state of charge using the final design (from October to December) for the configuration III.
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Figure 5.40: Current and voltage of the electrolyzer using the final design (from January to March) for the configuration III.
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Figure 5.41: Current and voltage of the electrolyzer using the final design (from October to December) for the configuration III.
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Summer System Configuration

The generated energy using one module of 300 W during summer is 243.300 kWh. Figure 5.42 shows the
generated power during this period. The system has a null energy deficit and minimal energy surplus of
93.4 Wh. Additionally, the hydrogen produced by the system reaches a value of 3.863 kg. Figures 5.43 shows
the cumulative hydrogen production during this period. The energy needed to generate one kilogram of
hydrogen is 62.98 kWh/kg. Thus, the electrolyzer efficiency for this configuration results in 52.92%.
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Figure 5.42: Power from the PV using the final design (from April to September) for the configuration III.
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Figure 5.43: Hydrogen production using the final design (from April to September) for the configuration III.

In contrast to the winter configuration, the battery state of charge fluctuates along all its capacity range.
Figure 5.44 shows the state of charge of the battery during winter. Additionally, current and voltage levels
fluctuate along with the irradiance but always above the minimum operating levels. Figure 5.45 shows the
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current and voltage levels of the electrolyzer during this period. Important to mention is that the electrolyzer
is operating during the entire year, except during the very few times when there is energy deficit in the system.
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Figure 5.44: Battery state of charge using the final design (from April to September) for the configuration III.
60
267
50 iy .
40 | | 24
< 47.8 A s |2. 5 ‘V|
— 0]
@ 30 l 922
3 =
20} 1 ol II i
6.2 A T
10+ 1
o 6t I A 18l |
0 L ! L L L ! L L ! L L L L !
2240 2260 2280 2300 2320 2340 2360 2240 2260 2280 2300 2320 2340 2360
Time (hours) Time (hours)

Figure 5.45: Current and voltage of the electrolyzer using the final design (from April to September) for the configuration III.

5.3.3. Remarks for System Configuration III

A system to produce hydrogen via a PEM electrolysis using solar panels profits very much by the implemen-
tation of an MPPT and batteries. The MPPT helps to harvest the solar energy available from the PV modules
in an efficient way. The battery works as an energy buffer to supply power to the electrolyzer during zero
irradiance moments. A single configuration for the entire year is not the most efficient when combining solar
modules and batteries for cities located in the northern hemisphere like Delft. The big irradiance difference
between summer and winter creates a mismatch of energy in the system. This mismatch generates energy
surplus during summer and energy deficit during winter. Adding more solar modules is a solution to solve
the energy deficit during winter, but it creates an excess of energy problem during summer. A power control
unit is crucial when including batteries in the system. The right control power management allows to effi-
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ciently use the energy in the system and distributed among each component at the right moment. The most
optimal design is a hybrid configuration for summer and winter. The total system configuration consists of
two solar modules of 300 W each; two batteries of 24 V, 70 Ah each; and a PEM electrolyzer of 120 W rated
power. Regarding the hydrogen production, there is a notable increment in the system by adding a battery
unit. The hydrogen production increase from 39.09% without the battery to 52.95% using the batteries. Re-
garding the electrolyzer, it operates almost the entire year, except for very few moments when the irradiance
is extremely low during winter. Adding the battery in the system allows reducing to almost zero start-stop
cycles over a year. The reduction of the number start-stop cycles means additional operating lifetime for the
electrolyzer. Hence, the most optimal configuration to generate hydrogen using a PEM electrolyzer powered
by PV modules is by using a hybrid seasonal combination of PV modules attached to an MPPT and a battery
unit.






Conclusions

6.1. Concluding Remarks

The central research question, of how to gain a fundamental understanding of the design, operation, and
assessment of the hydrogen production using solar power and a PEM electrolyzer has been answered in three
parts. First, a model of a solar-to-hydrogen system was developed using Matlab/Simulink. Three system
configurations have been performed to analyze the effects of operating parameters in the system behavior.
Second, Wawa, the demonstrator system to produce hydrogen using solar panels has been designed, built and
tested. Finally, some designing rules based on six non-dimensional factors for a solar-to-hydrogen system
were presented.

Answering the first research sub-question (RQ1), this thesis has shown that the components to be consid-
ered when designing a solar-to-hydrogen system are mainly three the PV modules, the PEM electrolyzer, and
the battery. However, an optimal design of such a system involves extra components like the power control
management unit, and the power electronic components. The system demands of sensors, pumps, tub-
ing, and electric wires. All those components combined make the solar-to-hydrogen system. The proposed
computational model allows emulating all the components in different sizes and operational conditions. As
explained in Chapter 4, current, voltages and hydrogen production are determined using the PV modules and
electrolyzer model. For the battery model, the model provides the state of charge, current, and voltage fluc-
tuations. The control unit manages the energy of the system and distributes it to the rest of the components.

To understand how does the irradiance affect the system performance, and thus answer the second research
sub-question (RQ2), three different configurations were studied to analyze the performance of the system.
As discussed in Chapter 5, first, the most straightforward configuration is a direct connection between the
modules and the electrolyzer. In the second configuration, the system includes a maximum power point
tracker (MPPT) attached to the PV modules. Finally, the third configuration includes a battery to store the
surplus of energy generated by the PV modules.

A direct coupling of one PV module and one PEM electrolyzer to produce hydrogen is possible. The chal-
lenge for a direct configuration is to adjust the I-V curves of the components to find the optimal operating
point. There are two alternatives to adjust the I-V curve in a direct system configuration. The first option is by
connecting more than one PEM cell in series to build up the operating voltage of the electrolyzer. Addition-
ally, this alternative needs few solar panels connected in parallel to reach the current value that satisfies the
electrolyzer current. The second alternative and the most effective for a direct configuration is by tailoring a
solar module that satisfies both the current and voltage of the electrolyzer. For a 120 W electrolyzer, the most
optimal PV module consists of 5x7 (seriesxparallel) solar cells. Overall, the system efficiency has a value of
6.95%. The downside of the direct system configuration is the start-stop cycles of the electrolyzer because of
the daily irradiance fluctuations.

A system to produce hydrogen via a PEM electrolysis using solar panels profits by the implementation of an
MPPT. The main impact of the MPPT is the automatic adjustment of the current and voltage from the PV
modules to the electrolyzer. The MPPT improves the system by more efficient energy harvesting. In fact, the
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connection of a commercial solar module with the electrolyzer is strongly advised not to use it without the
MPPT. The energy losses are significant when the system operates without the MPPT. Regarding the hydrogen
production, there is not a direct connection between the use of the MPPT and the hydrogen production rate.
Nevertheless, the electrolyzer performance is significantly increased by the voltage delivered by PV module
when using an MPPT. When using a 300 W module and 120 W electrolyzer, there is a significant waste of
energy during high irradiance because the system can only consume 40% of the energy production. The
optimal system design must include equal capacity for the PV module and electrolyzer. Furthermore, the
start-stop cycles are not affected by adding the MPPT into the system.

The third research sub-question (RQ3) involved the assessment the system performance including a battery.
A system to produce hydrogen via a PEM electrolysis using solar panels profits very much by the implemen-
tation of an MPPT and batteries. The MPPT helps to harvest the solar energy available from the PV modules
efficiently. The battery works as an energy buffer to supply power to the electrolyzer during zero irradiance
moments. A single configuration for the entire year is not the most efficient when combining solar modules
and batteries for cities located in the northern hemisphere like Delft. The big irradiance difference between
summer and winter creates a mismatch of energy in the system. This mismatch generates energy surplus
during summer and energy deficit during winter. A power control unit is crucial when including batteries
in the system. The right control power management allows to efficiently use the energy in the system and
distributed among each component at the right moment. The most optimal design is a hybrid configuration
for summer and winter. The total system configuration consists of two solar modules of 300 W each; two bat-
teries of 24 V, 70 Ah each; and a PEM electrolyzer of 120 W rated power. Regarding the hydrogen production,
there a notable increment in the system by adding a battery unit. The hydrogen production increase from
39.09% without the battery to 52.95% using the batteries. Regarding the electrolyzer, it operates almost the
entire year, except for very few moments when the irradiance is extremely low during winter. Adding the bat-
tery in the system allows reducing to almost zero start-stop cycles over a year. The reduction of the number
start-stop cycles means additional operating lifetime for the electrolyzer. Hence, the most optimal configu-
ration to generate hydrogen using a PEM electrolyzer powered by PV modules is by using a hybrid seasonal
combination of PV modules attached to an MPPT and a battery unit.

To find the critical parameters of the hydrogen production via PEM water electrolysis, and thus answer the
fourth research sub-question (RQ4), Wawa was designed and built as a demonstrator system. Wawa consists
of two PV panels (300W each), two lead-acid batteries (70 Ah, 12 V each), and a water polymer-electrolyte-
membrane (PEM) electrolyzer (120 W). Additionally, the system includes a charge controller with a maximum
power point tracker (MPPT), and complementary components such as a microcontroller, a pump, tubing,
flow meters, filters, gas separators and electric wires. The first stage of Wawa was built and tested. Using
a direct current (DC) power source and a water PEM electrolyzer, the hydrogen generation was successfully
achieved. As discussed in Chapter 2 and 5, the experimental results have shown that the critical parame-
ters for such a system can be categorized into three parts: electrical, mechanical and chemical. Regarding
the chemical parameters, water composition plays a key role in the performance of the system. A direct re-
circulation of the water from the electrolyzer reduces its efficiency because of lack of hydrogen and the excess
of oxygen in the water. Regarding the mechanical parameters, water flow, temperature, and pressure are crit-
ical to the operation system. By changing any of those parameters, the electrolyzer performance is affected.
Regarding the electrical parameters, the voltage is crucial in the operation of the system. Voltages lower than
the thermoneutral potential can not run the electrolyzer. In contrast, high and unstable voltages generate
energy losses.

To find what are the sizing guidelines for a solar-to-hydrogen system, and thus answer the fifth research sub-
question (RQ5), six non-dimensional sizing factors were presented in Chapter 4. The factors relate the three
primary variables of the system: the PV modules, the battery, and the electrolyzer. These factors provide a
criterion for the system design by a relative comparison between each component. Several simulations were
run with different components size, to later plot the data using the non-dimensional factors, as presented in
Appendix B. The results show that the proposed factors can be used as a designing tool for solar-to-hydrogen
systems in a more methodical way.

It is the hope of the writer that the world installed capacity of solar modules keeps growing, and eventually,
solar electricity prices become significantly lower. Thus, the hydrogen generation via PEM electrolysis will
become more attractive and less polluting than the production based on fossil fuels. For utility companies,
the concept of the solar-to-hydrogen system is a promising alternative to alleviate the congestion of distri-
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bution of the grid in highly dense urban areas. A compact and decentralized solar-to-hydrogen system is a
promising alternative to have abundant clean energy all the time.

Furthermore, humankind needs to stop increasing the CO, emissions now. Solar-to-hydrogen systems are
serious candidates to provide clean, reliable and stable power generation. More importantly, hydrogen pro-
duction using solar power means less use of natural gas and oil. Solar-to-hydrogen systems promote the
increase of solar energy generation, and reduction CO, emissions. Undoubtedly, using solar energy to pro-
duce clean fuels is an excellent opportunity to make a critical change in the history of humanity.

6.2. Recommendations for Future Research

This thesis project demands a holistic knowledge in different technical fields. Each component can be fur-
ther analyzed to provide a more realistic simulation of the system. This thesis presented a computational
model to assess the performance of the system which can be customized to any configuration and opera-
tional conditions. A more fine control management model can enhance the system response by making the
control more accurate and secure for any power fluctuation in the system. Also including a detailed model of
the power electronic components in the system can provide a more precise behavior of the charge controller,
and power converter. Nevertheless, the complexity of the modeling might not necessarily improve the results
of the model.

Future research can explore the system performance under different irradiance conditions by using the non-
dimensional factors. Investigating the relationship of location, component sizes and capacity factor of the
system can be done by using the proposed of the non-dimensional factors.

Regarding Wawa, the demonstrator system, the next research stage includes the assessment of the system
with the PV modules in situ. Additionally, the microcontroller installed in the PCB can be programmed to
have an automated operation of the system as well as the collection of the data in real time. Researching the
actual performance of hydrogen production, temperature, and pressure fluctuation by using the demonstra-
tor system might provide more insightful results than the simulations.

This project did not dive into the economic aspects of such a system because there are already several studies
stating that such a system requires a significant capital investment. Nevertheless, for a big scale implemen-
tation of a solar-to-hydrogen system, the situation might change. Calculating the economic impact of such
a system to investigate under which conditions the it becomes economically feasible could be included in
future research. Further research in solar-to-hydrogen systems is crucial to promote and showcase the po-
tential and benefits of such a promising technology.






Simulink Block Diagrams of the System

A.1. Simulink Model of the PV Module
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Figure A.1: Simulink block diagram representing the photovoltaic module.
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A.2. Simulink Model of the Battery
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Figure A.2: Simulink block diagram representing the lead-acid battery model.
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Figure A.3: Simulink block diagram representing the mass flow model of the water PEM electrolyzer.
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Figure A.5: Simulink block diagram representing the voltage model of the water PEM electrolyzer.
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Figure A.6: Simulink block diagram representing the thermoneutral voltage model of the water PEM electrolyzer.
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Figure A.7: Simulink block diagram representing the activation voltage model of the water PEM electrolyzer.
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A.4. Simulink Model of the Gas Storage Tank
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Figure A.8: Simulink block diagram representing the storage tank of hydrogen gas.
A.5. Simulink Model of the Power Control Strategy
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Figure A.9: Simulink block diagram representing the load values in function of the power delivered by the PV module.
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Figure A.10: Simulink block diagram representing the power control strategy.




Simulations Results of Different
Component Sizes

B.1. Sizing Guidelines

The implemented model in Simulink allows to simulate the system for different component sizes and oper-
ational conditions. Several system configurations are analyzed using the six non-dimensional factors shown
in table B.2, already introduced in Chapter 4. The factors relate the sizes and capacities of the main compo-
nents of the system: the PV modules, the battery bank, and the electrolyzer. These factors provide a criterion
for the design of a solar-to-hydrogen system. The selected component sizes are shown in Table B.1. Overall,
one-hundred simulation were run for the irradiance conditions of Delft but different component sizes. The
simulations used the system configuration III presented in Chapter 4. The results are presented in several
charts that help the data interpretation. Moreover, a few design questions have been included as an example
to explain the usefulness of the sizing factors.

Table B.1: Size components utilized for the performed simulations

PVmodules (W) Batterybank (Ah) Electrolyzer (W)

600 70 120
1200 140 240
1800 210 480
2400 280 960
350 1200

Table B.2: Non-dimensional factors

_ battery energy capacity [Wh] _ annual energy deficit [Wh]
L.- BEF = annual PV energy generated [Wh] 4.- EDF = annual PV energy generated [Wh]

__averange annual load [W] _annual energy dumped [Wh]
2-PVL= PVinstalled capacity [Wy] 5.-SEF = annual PV energy generated [Whj

3.- LOF = averange annual load [W] 6.- ECF = SEF-EDF

maximum rated load [W]

Figure B.1 shows the energy deficit factor (EDF) and the load factor (LOF). The data shows a hyperbolic shape
with asymptotes in EDF =0 and LOF = 10%.

The last one is due to the fact that the control unit was defined at 10% of its peak load as a minimum possible
value. The effect of increasing the battery size in a system with LOF = 20% becomes almost insignificant. A
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Figure B.1: Lack Energy Factor versus Load factor

high value of EDF is always negative for the system because the system is not able to run the electrolyzer
with the generated power. Moreover, a high value of LOF is always good because it means the electrolyzer
operates most of the time. An important feature of this plot is the point at which the energy deficit factor
starts decreasing quickly as a function of the load factor. The fast reduction of EDF starts at 15% and ends
at 30% Above 30% the reduction in the energy deficit factor becomes insignificant. In other words, a system
with a LOF value higher than 30% demands a significant reduction of EDE To reduce EDE the system must
either add more PV modules to generate more energy, reduce the electrolyzer load.

Figure B.3 shows the amount of non operative hours in the electrolyzer over in function of the PV to load
factor and the battery size. The curve presents a half parabola shape with a vertical directrix x = 0. A value in
the horizontal axis close to zero, represents a capacity factor of the electrolyzer about 100%. In other words a
value of PV L = 0.015 means that the electrolyzer operates constantly for almost the entire year. In this point,
the impact of including a battery in the system becomes minimal than for higher values of non operative
hours. For instance, for PVL=0.20 a battery between 350 Ah and 70 Ah makes a difference of 1200 (5000-3800)
operative hours. For smaller values of PVL the result is different. At PVL=0.20 the variation in battery size is
relatively minimal. For high value of non-operative hours (top-right corner region), the increase in battery
makes a difference in the value.

Figure B.2 presents a relationship between the energy deficit factor (EDF) and surplus energy facto (SEF). The
figure also includes information about the size ratio between the electrolyzer load and PV module. This ratio
isrepresented by the purple straight line in fig. B.2. A high ratio values is located over the top-left corner of the
figure. In contrast a low ratio value is located at the lower-right corner area, almost showing as a dot. Figure
B.2 shows the most suitable combination for balancing the surplus and deficit energy. For instance if there
is a PV module of 800W and an electrolyzer of 960W, then the ratio results into 960/800 = 1.2. The energy
deficit and surplus of the system can be regulated by varying the battery size (parallel line to 1). The figure
B.2 tells that a battery of 70A# it is expected to have a surplus energy factor of SEF = 0.28. Using a battery of
350Ah, the surplus energy factor is reduced to 0.11.

Sizing Question:

» For a PV system that generates a yearly energy surplus of 5300 kW in Delft, corresponding to two panels of
300 W each one. What should the battery and electrolyzer size be, if the goal is operating the electrolyzer
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only during the highest irradiance months?

Operating the electrolyzer for half a year represents a non operative hours equal to 365 x 24/2 = 4380. A value
of 4380 in Fig. B.3, gives a value of PVL = 0.17. Using the Eq.4.23, a value of the averange annual load is

equal to 0.17 * 600W = 102W. Knowing that the goal is a system operation of halve a year, then LOF = 50%.
Consequently the size of the electrolyzer should be equal to 102/2 =51W.
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Figure B.3: Relationship between PV power to load factor and the annual non-operative hours.
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For each combinations, the system had a certain amount of energy deficit usually during low irradiance peri-
ods. Similarly, a energy surplus during high irradiance periods. Those values are represented by SEF (Surplus)
and EDF (Deficit) factors. When subtracting those two factors, the result represent the relative energy that the
system is consuming. This value is called the Energy consumed factor (ECF), shown in Fig. B.3 Important to
notice is the linear relationship with a negative slope between the ECF and the PVL. The yellow region repre-
sents all the values when the system has higher amount of energy in excess. The blue area represent all the
negative values, when the system has energy deficit. A value of PV L = 0.1 represents a system operation of
equal energy deficit and energy surplus. Knowing the value at which the consumption becomes negative or
positive it is possible to select the right size of electrolyzer. This concept is explained more in detail in the
following question.

Sizing Question:

* What should the electrolyzer and battery size be for an hybrid system where the PV array has a 1000 Wp
installed and the goal is to have a balance between the surplus and deficit of energy?

A balance between surplus and deficit energy means having a value of ECF = 0. Hence in Fig. B.4 results a
value of PV L =0.1. Now, using the formula Eq(4.23) with a value of 1000 W, returns an averange load value of
1000 * 0.1 = 100W. Then using the last value in figure B.5 results in a value of SEF = 0.18. Using Fig. B.2 its is
possible to identify the possible values of the battery size. Given a LEF = SEF = 0.2 the battery size options
are from 210 to 350 Ah. Hence a final size of the battery size could be 280 Ah. The size of the electrolyzer can
be determined by using Fig. B.1. Given a value of EDF = 0.18 results a value of LOF = 15%. Consequently
using Eq.(4.26) results an electrolyzer size equal to 660 W.
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Figure B.4: Energy consumption factor (ECF) and PV power to load factor (PVL)
Sizing Question:

* What should the Electrolyzer size be, if there is a PV module size of 1800 W), and the goal is to have the
least possible energy deficit (EDF=0.1) but maximum load factor?

First, using Fig. B.6 and the value of EDF = 0.1 it is possible to find ad values of PV L = 0.09. With this value
and using the definition of PVL in 4.23, the average load value is equal to 0.09 x 1800W = 162W. Then in
Fig.B.1 for a value of EDF = 0.1, correspond a values of LOF = 17%. Finally, using the definition of LOF and
the calculated average annual load, the value of the electrolizer size should be 162 x 100/17 = 952W
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Figure B.6: PV power to load factor (PVL) versus energy deficit factor (EDF)

Additionally, Figures B.6 and B.5, present the relative values of how much energy the system is lacking or
dumping. This relationship includes the sizes of the PV modules and the electrolyzer. Overall, in an solar
to hydrogen system, having higher values of EDF or SEF is not wanted. Figures B.6 and B.5 presents the
relationship of the size of the battery. For lower values of LEF the impact of a different battery size is almost
insignificant. Similarly happens for high values of SEE
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Sizing Question:

» What should the battery and electrolyzer size be for an solar to hydrogen system with 1200 W), of installed
PV, and the goal is having no more than 15% of energy surplus?

First, having a energy surplus no more than 15% means a value of SEF = 0.15/1. Using this value in Fig. B.5,
results is PV L = 0.12. Then, using PV L = 0.12 in Fig. B.6, the EDF value can be determined. Given a battery
size of 210 Ah, results in a value of LEF = 0.38. Using definition of PVL 4.23 and the PV peak value, results in a
an averange annual load equal to 0.12 * 1200W = 144W. Consequently, using Fig. B.6 and LEF = 0.38, a value
of LOF = 13% is determined. Finally, using the definition of LOF in Eq. 4.26, the electrolizer size should be
equal to 1107W
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