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ABSTRACT (English) 

 The purpose of this project is to design the optimal energy storage system to be 

implemented in a sustainable home design in Zaouiat Sidi Abdesslam to store energy 

generated through solar roof tiles. After a quick introduction to the background of energy 

storage method and the history behind their existence, we will delve into a detailed 

description of our storage method and the logic behind opting for lithium-ion batteries. The 

process behind the functioning of this battery will be closely studied and a thorough analysis 

of the advantages and disadvantages it offers as well as the influence of other factors such as 

the cost, durability, and efficiency will be presented. To allow a better understanding of the 

battery terminology, a section will touch upon the different characteristics we use to evaluate 

batteries such as the state of charge, C-rate, self-discharge, and much more. 

Afterwards, we will proceed to the design of the ideal battery model taking into consideration 

the most adequate materials for the application, dimensions, cell characteristics, capacity, 

thermal specifics, and so on. The project will conclude with the ideal design of the battery and 

the estimated cost of the complete storage system that fulfills the sustainable home’s energy 

storage needs. 
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ABSTRACT (French)  

 Le but de ce projet est de modéliser et concevoir un système de stockage d’énergie 

pour déterminer la méthode qui convient le mieux à notre application : un modèle de bâtiment 

dans la région Zaouiat Sidi Abdesslam totalement à base d’énergie solaire générée via des 

tuiles solaires. Après une brève introduction à l’histoire du domaine de stockage d’énergie, 

une étude approfondie viendra corroborer l’adoption de batteries lithium-ion pour cette 

application. La théorie derrière le fonctionnement des batteries sera étudiée et la meilleure 

configuration sera choisie après une évaluation en termes de prix, durabilité, efficacité. Dans 

le but de familiariser le lecteur avec la terminologie associée au domaine du stockage 

d’énergie, une section complète sera dédiée à la présentation des différentes caractéristiques 

gouvernant le fonctionnement des systèmes à batteries : entre autres l’état de charge, le taux 

de charge, ainsi que le concept d’autodécharge. Ce fait, le design du modèle de la batterie en 

question sera initié et prendra en compte les matériaux à utiliser, les dimensions, les 

caractéristiques propres aux cellules, la capacité, ainsi que les propriétés thermiques. Pour 

finir, le design le plus optimal et le plus performant pour notre application sera décidé et une 

estimation du prix sera de ce fait effectuée.
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1  INTRODUCTION 

 Energy has undoubtedly become a vital component of our everyday life. In a way, 

both our existence and survival are governed by the availability of energy and its ability to 

address our present and future needs. Nowadays, a large portion of our energy demands are 

covered by fossil fuels (i.e: oil, coal, and natural gas) and their consumption is not decreasing 

anytime soon, especially with the ever-increasing numbers in population and energy needs. 

This is particularly alarming considering fossil fuels are non-renewable resources and will 

eventually dwindle, leaving a daunting energy gap behind. Many countries have 

acknowledged this issue and have decided to invest in alternative sources of energy, ones that 

will be able to sustain the needs of both the present and future generations. This is where 

renewable energies come into play, with shining solar panels and peaking wind turbines, this 

seems like the glorious solution to all our energy problems and the harbinger of times of joy 

and prosperity. Sadly, the actual picture is bigger than what it seems, and the common tunnel 

vision on energy generation renders us unaware of another equally important but often 

overlooked challenge that is energy storage. What is the point of generating impressive 

quantities of energy if we are unable to store it effectively and efficiently? Unlike fossil fuels 

that can be burned immediately when the need arises, renewable energies are governed by 

natural and climatic conditions. Solar panels can only generate energy for as long as the sun 

shines, and wind turbines can only work if the wind blows hard enough to rotate their blades. 

Therefore, renewable energy storage is an absolute necessity and an essential component to 

the success of the formula. In light of that, there has been an increasing interest in the 

development of innovative energy storage systems and the optimization of existing ones to 

take full advantage of their capabilities.  

Through this project, we would like to showcase one of the most popular energy storage 
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systems for solar energy and the advantages it offers for our specific application.  

2  STEEPLE ANALYSIS 

2.1. Societal Aspect 

 The promotion of renewable energies in general supports sustainability in the society 

and encourages people to be protective towards the environment. This is particularly 

interesting since the project’s main target is the audience of a remote area in the region which 

will definitely be a good opportunity to educate people about awareness and encourage 

goodwill when it comes to interpersonal relations as well as dealing with the environment the 

community shares as a whole. By allowing the residents of the house to generate and store 

their own energy, we provide them with a significant help and this plays a major role in 

empowering communities and promoting energy sustainability in rural areas.  

2.2. Technical Aspect 

 The end goal of the project involves designing the perfect and ideal battery to be used 

to store energy generated through solar panels in a sustainable home design. The project 

focuses on choosing the most performing, durable and efficient battery type and then 

investigating which types of materials should be used for our specific application. The design 

should be cost-efficient and good in terms of performance to guarantee the well-functioning 

of the storage system. Other factors are important to take into consideration such as the 

thermal specifics, dimensions, circuit configurations, and so forth to create a complete and 

consistent home energy storage system. 

2.3. Environmental Aspect 

 Ensuring the project is environment-friendly is one of the main purposes to be attained 

by its completion time. By using rechargeable batteries that have a relatively long to moderate 
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lifetime, as well as models and chemicals that are not toxic (NiCd batteries for example did 

not make it through the process due to their harmful effects on the environment), we are 

encouraging the adoption of environment-friendly methods in energy storage. By adopting 

secondary (rechargeable) batteries instead of standard fossil fuels, we encourage lower carbon 

emission rates and lower carbon footprints in the world. We also encourage battery users to 

dispose of them in safe and environment-friendly ways to protect the natural environment and 

its durable resources. 

2.4. Ethical Aspect 

 Our project seeks to encourage community involvement and independence when it 

comes to generation and storage of energy. The Zaouiat Sidi Abdesslam community can 

therefore create job opportunities and encourage people to take part in the project without 

having to rely on another provider or supplier for energy. We also seek to empower 

environmental awareness and involvement in environmental protection projects in this region. 

We seek no particular profit or service from the family benefitting from this energy storage 

system; this project is merely an opportunity to demonstrate how the environment we all live 

in can supply our moderate energy needs if we take advantage of the resources available to us.  

2.5. Political and Legal Aspect 

 The project is in perfect accordance and agreement with the very few energy laws and 

regulations. Since the energy generated will not exceed the maximum amount allowed by the 

government, this research is in perfect harmony with any law/political condition. 

2.6. Economic Aspect 

 Cost-efficiency is to be promoted throughout the different stages of the process. 

Moreover, the use of rechargeable batteries is a perfect idea since it will guarantee a longer 

life cycle which means greater savings. Moreover, the project involves generating energy 
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through solar power which is a sustainable medium and will guarantee a relatively short 

payback period for the user meaning any duration above this period is synonymous to profits 

or energy savings for the user. 

3  BACKGROUND 

3.1. Current Energy Situation  

 The twentieth and twenty-first centuries have been synonymous of considerable 

population growth, and consequently increasing energy needs and demands. A lot of other 

factors and variables have been added to the lot as of late, namely: increasing energy prices, 

frequent economic crises, and global warming and environmental concerns. The International 

Energy Agency’s World Energy Outlook, a yearly report assessing the energy situation in the 

world, predicts a rise of 28% percent in energy consumption between 2015 and 2040 which is 

a rather scary number. The most significant rise (approximately 41%) is forecast in non-

OECD countries (Organization for Economic Co-operation and Development), in other 

words, the vast majority of developing countries, including Morocco, where the economy and 

population are both consistently growing, accompanied by a flourishing energy market [1]. 

Similarly, the price of fossil fuels is expected to rise in the next couple of decades as the 

demand on them is becoming more and more important. The largest energy expansion, 

however, is expected for renewable energies as more and more countries are looking to go 

sustainable and become less dependent on fossil fuels (Figure 1) [1]. 
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Figure 3.1.1: World energy consumption by energy source (International Energy Agency 2017) [1] 

Investing in renewables (solar, wind, biomass...etc.) seems like a very attractive choice 

indeed, and a great alternative that combines all the aforementioned variables. They are the 

product of natural processes and are therefore more affordable, environment-friendly, and 

offer a relatively short payback period. Fossil fuels on the other hand are more expensive, 

require further processing, and are responsible of greenhouse emissions (mainly but not 

limited to CO2) that harm the environment.  

 When it comes to Morocco, energy has always been an important challenge to address. 

Not only is the country strongly dependent on fossil fuels (about 89.4% dependency in 2012), 

but most of its energy needs are covered through imports which really hurts the country’s 

economy and hinders its potential for growth [1]. In 2012, imports accounted for 91% of the 

energy demands of the country which is a really alarming number. The main reason behind 

that is the scarcity of fossil fuel resources in Morocco. Oil and natural gas are almost 

inexistent or available at extremely low quantities compared to the overall energy 

consumption in the country. That is why Morocco is forced to sign import agreements with 

other countries such as Spain and Saudi Arabia to cover for its ever-growing energy needs 
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(electricity demands expected to increase by 250% in the next 15 years) [1].   

In light of that, Morocco launched a new National Energy Strategy in 2012 aiming at 

empowering renewable energy production, encouraging energy efficiency and a dynamic 

energy foreign investment market [1]. Since then, the country has launched different projects 

such as the Noor concentrated solar power project in Ouarzazate, the Amogdoul wind farm in 

Essaouira and so on, all governed by a structured energy policy system. Through this energy 

plan, Morocco is forecasting a significant increase of 42% in the share of renewable energies 

in the overall electrical power by 2020, which translates to savings of 2.5 Mtoe (million tons 

of oil equivalent) and a decrease of 9 Mt (million tons) in total carbon dioxide emissions. 

Installed capacity increase is therefore projected in solar photovoltaics, CSP (concentrated 

solar power) with one of the largest plants in the world in Ouarzazate, wind farm expansion 

projects and so on (Figure 2). Several manufacturers have also established their quarters in 

Morocco such as Siemens Gamesa Renewable Energy, among others, to produce and sell 

wind-turbine blades, turning Morocco into a promising renewable energy market on the local 

and international scale [1]. 

 

Figure 3.1.2: Current and Future Energy Installed Capacities in Morocco [1] 
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3.2. Understanding the Need for Energy Storage 

 The concept of storing energy for later use is not a recent idea and has, in fact, existed 

for thousands of years. Early applications of energy storage go back to prehistory, when 

humans used the energy stored in stars such as the Sun in solar heating applications to cook 

their food or dry animal hides. Same goes for agriculture where crops use light energy for 

photosynthesis purposes. Later in time, the Egyptians developed new passive solar heating 

techniques that allowed them to design houses that store heat during the day to heat their 

homes at night [2]. Energy storage was not only limited to heat as early applications also 

involved mechanical energy storage in the form of wood logs maintained at the top of a hill or 

a fort to protect from attackers and threaten their advance [2]. As of late, applications of 

energy storage are present in an array of different disciplines. Energy can, in fact, be stored in 

different ways, the most notable ones are: mechanical storage (compressed air, flywheels, 

pumped hydroelectric storage in dams), electrical or electromagnetic (capacitors, 

superconducting magnetic energy storage), thermal (steam, molten salt storage), chemical 

(biofuels, various chemical substances), and electrochemical (mainly batteries) [2].  

 The need for an efficient energy storage medium arises from our very basic everyday 

activities. Several electronic devices such as mobile phones and cameras use lightweight 

lithium-ion batteries to function properly. The portable part of such devices creates a need for 

a storage medium that can be charged for later use. Car batteries are governed by the same 

principle; most cars today use lead-acid batteries that are fairly affordable with a relatively 

moderate longevity (around four years) [3]. The need for energy storage also arises in large-

scale manufacturing processes where a constant energy supply is required. Indeed, short 

power interruptions are very common in the industry and might lead to a loss in productivity 

or discrepancies in machines [2]. That is why a lot of manufacturing companies rely on 

backup energy (usually called UPS: Uninterruptible Power Systems) to ensure the production 
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process is smooth and consistent even during interruptions and power outages [2]. More 

recently, and with the emergence of renewable energies such as solar and wind power, the 

need for storage manifests itself once again due to the inconsistent availability of such 

resources. Solar energy can only be generated in daylight periods and as long as the solar 

panels are exposed to sufficient sunlight. Similarly, wind power is dependent of the intensity 

of the wind and its speed to rotate its blades. Unlike fossil fuels that can be burned when we 

need them and stored for later use, solar and wind energy are not always available for use and 

have to be generated and stored adequately whenever possible. This is particularly important 

for the sustainable home project we are working on since we are using solar panels as a main 

source for energy. Moreover, it is also safe to assume that the need for electricity will 

certainly arise in night periods when human activity is significantly greater which makes 

energy storage an important factor to consider.  

3.3. Choosing the Adequate Energy Storage Method: Batteries 

 As previously stated, there are numerous methods and techniques used to store energy. 

However, these techniques are very dependent on the application. In other words, a method 

that may prove very efficient for a certain application might not work effectively if 

implemented in a different project. For most off-grid renewable energy applications, 

especially for solar and wind power, batteries are the way to go. They are, in general, more 

affordable, lightweight, and offer a relatively longer longevity [2]. Our goal throughout this 

project is to choose the most affordable and efficient method to be able to store energy 

generated through solar roof tiles. The energy needed for the functioning of the house is 

relatively moderate and does not require impressive storage capacities. Moreover, since we 

are aiming at achieving off-grid storage, we prioritize mediums with a longer lifespan and 

with as little environment impact as possible. If sustainability is to be empowered in energy 
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generation, we should also make sure our storage methods are environment-friendly. 

Rechargeable (or secondary) batteries come only as a natural choice that combines all the 

aforementioned characteristics.  

4  BATTERY STORAGE OVERVIEW 

4.1. The Birth of Electrochemistry 

 The first battery was invented back in 1800 by the Italian physicist Alessandro Volta 

and was referred to as the voltaic pile [4]. It was the first electrical battery and could provide a 

consistent continuous electric current. The battery’s configuration was pretty simple: two 

electrodes (one of zinc, and the other of copper) separated by a cardboard or piece of cloth 

soaked in brine (usually a high-concentrated sodium chloride or hydrochloric acid solutions) 

[4]. By stacking the several similar elements on top of each other, Volta managed to create a 

circuit that produced electric current.  

 

          Figure 4.1.1: Voltaic Pile Configuration [4] 

 

The process behind the functioning of such batteries was explained through Volta’s theory of 

contact tension, claiming that static electricity was generated when two dissimilar materials 

Figure 4.1.2: Real-life picture of a Voltaic 
Pile [4] 



10 
 

were joined together (an analogy with static energy principles). The corrosion of electrode 

materials was attributed to a defective choice of materials but this erroneous theory was later 

replaced by electrochemistry that explained electricity generation by an exchange of electrons 

between the different atoms contained in the electrodes [4]. 

The main process behind Volta’s battery relied on oxidation and reduction reactions which 

results on movement of electrons and therefore electricity.  Zinc acts as the anode, copper as 

the cathode, and a sulfuric acid solution could be used as an electrolyte. Sulfuric acid (H2SO4) 

is dissolved in water to produce hydronium (H3O
+
/H

+
) and hydrogen sulfate ions (HSO4

-
) to 

facilitate the exchange of anions and cations [5]: 

𝑯𝟐𝑺𝑶𝟒(𝒍)
→  𝑯+

(𝒂𝒒) + 𝑯𝑺𝑶𝟒
−

(𝒂𝒒)
 

Zinc starts dissolving in the electrolyte and an oxidation reaction happens [5]. Zinc ions 

(Zn
2+

) are produced in the solution and two electrons are free to travel the circuit and reach 

copper on the other side of the wire or circuit where they participate in a reduction with the 

solution’s hydronium ions:  

𝒁𝒏(𝒔) →  𝒁𝒏𝟐+
(𝒂𝒒) + 𝟐𝒆− 

𝑯+
(𝒂𝒒) + 𝟐𝒆− →  𝑯𝟐(𝒈)

 

This process results in the formation of hydrogen gas at the copper’s side. As the process 

keeps going, the zinc ends up being consumed and the material corrodes in the acid or 

hydrogen ions are exhausted which signifies the end of the battery’s life [4].  

Despite the many flaws in the voltaic pile and its relatively short charge duration (around one 

hour), Volta’s invention was truly an innovation at the time and gave birth to the principle of 

electrochemistry that governs most batteries nowadays. The following section will offer a 

thorough description of some of the characteristics and factors that govern the choice and the 

function of batteries in general. 
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4.2. Battery Choice: The Three Main Factors 

 Throughout the years, and since the creation of the first voltaic pile, battery systems 

have become more and more popular in energy storage applications due to their relatively low 

cost, efficiency, and simple usage. Despite the wide array of battery types in storage 

applications today, not every battery type can be used in photovoltaic applications. Batteries 

used in PV systems should meet a list of succinct criteria to be eligible. There can be a lot of 

governing factors when it comes to the evaluation of batteries; however, people usually look 

for batteries with a relatively long lifetime, good efficiency, and an affordable price. 

 

Figure 4.2.1: The three governing factors for battery choice 

4.2.1. Lifetime 

 The lifetime of the battery is the period of time the battery can be used (usually in 

reliable years) before the battery deteriorates and either becomes unusable, or inefficient. It is 

almost impossible to create a battery that will last forever; therefore, batteries with longer 

lifetimes are highly valued for storage applications. Naturally, the longer a battery operates, 

the more it becomes subject to deterioration and loses some of its capacity. Once the capacity 

of a certain type of battery is below the acceptable threshold (i.e: 80% for lead-acid batteries), 

it becomes inefficient and that signifies the end of its lifetime [6].  

Cost 

Lifetime 

Battery 
Choice 

Efficiency 
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4.2.2. Efficiency 

 The efficiency is the extent to which the battery can deliver or discharge the energy 

that was stored in it.  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑 (𝑜𝑢𝑡𝑝𝑢𝑡)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 (𝑖𝑛𝑝𝑢𝑡)
 

Practically, the efficiency of a battery is always less than one, since achieving 100 percent 

efficiency is almost impossible experimentally. Energy losses are very common in batteries 

and are most of the time due to self-discharge. For secondary batteries, the main type we are 

focusing on in this project, self-discharge is a very recurrent issue due to the rechargeable 

nature of these batteries. Since these batteries function on an important number of charge-

discharge cycles and therefore chemical reactions, they are more subject to self-discharge. 

Impurities in the electrolytes or chemical instability of electrodes can also amplify this effect. 

To avoid self-discharge, batteries are to be kept in cold environments [7]. 

4.2.3. Cost 

 Batteries should not only be affordable for the potential users, but also cost-efficient 

with a positive quality-to-price ratio. Cost only comes as a combination of the different 

evaluation factors: the longer the lifetime and the efficiency of a battery, the higher its cost 

will be. Battery costs are usually expressed in terms of the initial cost (price of purchase of the 

battery) or the annual cost (the sum of cash-flows associated with the usage and maintenance 

of the battery system) [7]. 

 

4.3. Battery Parameters 

 All batteries are subject to a list of variables called “parameters” that help define the 

cost, efficiency, and lifetime of such products. The importance of specific parameters differs 

from a battery type to another; however, some variables share the same importance despite the 
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type of battery a person chooses to use.  

4.3.1. Voltage (V) 

 The voltage rating usually written on battery notices refers to the nominal voltage at 

which the battery should operate [6]. It is the common classification method for batteries. For 

PV applications, batteries of 12V, 24V, or 48V are usually used. Batteries are composed of 

cells that, when added together, determine the overall battery voltage. Naturally, voltage-per-

cell is different from one type to another.  

4.3.2. Capacity (C) 

  The capacity of a battery refers to the amount of charge the battery is able to deliver at 

the specific circuit voltage [6]. Unlike voltage that is dependent on the chemistry of the 

battery, the capacity is very dependent on the quantity of material in the electrodes. That is 

why, assuming same materials and voltage, a small size battery will have a lower capacity 

than a bigger one [6]. For batteries, we usually measure the capacity in Ampere-hours (Ah), 

the product of the current drawn and the running time. For reference: 1 Ah = 3600 Coulombs, 

being a unit of charge. For most electric device applications, we used Watt-hours (Wh) as the 

energy capacity unit. In that case, we can calculate it using the following formula: 

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑖 ∗ 𝛥𝑡 

𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =  𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∗ 𝑉 

4.3.3. C rate (Discharge/Charge rate) 

 The C-rating usually aims at evaluating the rate at which a battery can deliver energy 

(discharge) or store energy (charge) [6]. In other words, it is a measure of how quickly the 

battery can be charged or discharged by taking its capacity into consideration. The C-rate is 

the ratio of the battery capacity (usually in Ah units) to the total number of hours required for 

full charge or discharge. It is calculated using the formula: 
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𝐶 − 𝑟𝑎𝑡𝑒 = 𝑥 ∗ 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
1

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠
∗ 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 

We usually refer to the C-rate as a multiple of an “x” variable that is related to the current 

need/delivered in a certain amount of time and the battery capacity. For example, a battery of 

1Ah with a C-rating of 1C can deliver 1A in one hour. A C-rating of 0.5C for the same battery 

means it can deliver 0.5 Amperes in two hours, and so on. 

The C-rating is an important measure when it comes to choosing the right battery type for a 

certain application. In certain cases, we might need a battery to supply a current value in a 

very specific amount of time. An example might be high-performance multi rotors that draw 

relatively high amounts of current in a short amount of time [8].  

4.3.4. State of Charge (SoC), Depth of Discharge (DoD), and Impacts 

4.3.4.1. SoC and DoD 

 The state of charge and depth of discharge are very important parameters to take into 

consideration when handling batteries. They give an idea on the used capacity of the battery. 

The SoC of a battery is the percentage of its full capacity that is filled with energy. The DoD 

is simply the empty percentage of the capacity at the same instant. 

Most people assume that the full capacity of a battery is usable but this is not the case in 

reality. Only a portion of the full capacity of a typical battery can store the energy delivered to 

it, especially since the capacity of batteries decreases with time. 

The state of charge of a battery is usually expressed in percentage points. Therefore, a battery 

with a maximum SoC of 80% means that 80% of the battery’s capacity can be used to store 

energy. The depth of discharge is an alternative version of the state of charge and refers to the 

remaining capacity of the battery that doesn’t contain energy. For the previous example, the 

DoD would be 20% [6]. We use the following two formulas to calculate the SoC and DoD: 
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𝑆𝑜𝐶 =  
𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∗ 𝑉
 

Conversely: 

𝐷𝑜𝐷 =  
𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∗ 𝑉 − 𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∗ 𝑉
 

The following figure illustrates both parameters in practical conditions (SoC of 0.7 and DoD 

of 0.3): 

 

Figure 4.3.4.1.1: SoC and DoD of a standard battery [9]  

4.3.4.2. Impact on Lifetime and Capacity 

Both parameters are very important and have a great influence on all the other variables. As 

previously stated, the lifetime of a battery is often reached when its useful capacity drops 

below the 80% mark. The DoD is therefore an important variable to take into consideration. 

The effect of temperature is also essential: the higher the temperature, the higher the DoD, the 

fewer cycles the battery goes through, and therefore the shorter the lifetime of the battery (we 

are slowly reaching the endgame of the device) [6]. That is why the longest lasting batteries 

are kept in relatively cold environments. The following figure summarizes this point for Pb-
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acid battery model. Notice how the temperature impacts the speed at which discharge is done 

(reminiscent of the C-rating previously explained). In part (a), we notice how increasing the 

temperature leads to a decrease in the number of cycles and therefore a decrease in the 

lifetime since in that case, the battery would be performing cycles quicker due to the 

contribution of temperature (catalyst for the inner chemical reactions). We observe that 

batteries kept in colder environments have the longer lifetimes. As for part (b), it is simply a 

representation of the effect of battery temperatures on the capacity: the higher the 

temperature, the faster the discharge, and therefore the lower the capacity of the battery. We 

will dive into details in the next section dealing with temperature.  

 

Figure 4.3.4.2.1: Effect of temperature on the number cycles, DoD, and lifetime [6] 

4.3.5. Temperature 

 Temperature is an extremely important variable to take into consideration when 

dealing with rechargeable batteries. For this part, it is important to mention Arrhenius’ 

equation that governs chemical reaction rates: how fast the reactors are converted to products 

[10]. The Arrhenius equation is a useful way to link temperature and reaction rates: 

𝑘 = 𝐴 ∗ 𝑒
−

𝐸α

𝑘𝑏∗𝑇 

where: 
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k: reaction rate coefficient or constant (symbolizes the number of collisions between particles 

every second) [10]. 

A: pre-exponential factor (symbolizes the frequency of collisions between reactant particles in 

the correct orientation of the reaction) [10]. 

Eα: the activation energy of the chemical reaction [10]. 

kB: the Boltzmann constant. 

T: the temperature. 

 At first glance, we can clearly see how the increase in temperature would impact the 

reaction rate constant. If the temperature increases, the ratio  
𝐸α

𝑘𝑏∗𝑇
 will decrease. The 

activation energy is, most of the time, a positive number. Indeed, for our case, activation 

energy is required to initiate the chemical reaction which will not start until we get enough 

energy to bypass the potential or energy barrier [10]. In most cases, the activation energy and 

temperature are independent quantities: the activation energy is the minimum amount of 

energy to initiate the reaction while temperature is simply a measure of kinetic energy [10]. 

Since the ratio previously mentioned decreases,  𝑒
−

𝐸α

𝑘𝑏∗𝑇 will increase, and therefore the 

reaction rate coefficient k will increase (A is positive). Therefore, the reaction rate coefficient 

and temperature are proportional.  

 Back to our case, for a battery with an increasing temperature, the number of reactions 

will increase also. That will result in a higher number of cycles. If the lifetime of a battery is 

for example 700 cycles, a battery subject to high temperature will reach that 700 mark earlier, 

signifying a lower lifetime. As for the capacity, it is the opposite. High temperature acts as a 

catalyst to the chemical reaction and will therefore increase the amount of energy or electric 

charge delivered. Thus, an increase in temperature will increase the battery capacity. 
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Temperature vs. Lifetime and 

Capacity 

Lifetime Capacity 

ΔT > 0 ↓ ↑ 

ΔT < 0 ↑ ↓ 

 

Table 4.3.5.1: Effect of change in temperature on lifetime and capacity 

 

4.3.6. Overall Efficiency 

 We have already quickly tackled how the efficiency of a battery is calculated. The 

most common type of efficiency considered in the industry is the round-trip efficiency which 

is composed of both the voltaic efficiency and the Coulombic (or Faraday/Current) efficiency 

[6]. 

4.3.6.1. Voltaic Efficiency 

 It is the ratio of the average discharge voltage and the average charge voltage [6]. The 

charge voltage is naturally higher than the discharge voltage considering some of it is invested 

in driving the reverse chemical reaction. 

𝜂𝑉 =  
𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑐ℎ𝑎𝑟𝑔𝑒
 

4.3.6.2. Coulombic (Faraday) Efficiency 

 It is the ratio of the total charge extracted from the battery to the total charge delivered 

to the battery over a complete cycle [6]. 

𝜂𝐶 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
 

 Lithium-ion batteries are usually known for their very high Coulombic efficiency which can 

reach up to 99% if the charging is done at a moderate current and cool temperature. This type 

of efficiency can be improved by battery cycling for Li-ion: charging the battery to its full 
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potential, using it until the minimal threshold is attained, and then recharging it back again. 

All in all, the best efficiencies of batteries are found when the SoC is between 30 and 70 

percent [11]. 

4.3.6.3. Round-trip efficiency 

 The effective battery round-trip efficiency is simply the product of both the Voltaic 

and Coulombic efficiencies [6]: 

𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝜂𝑉 ∗ 𝜂𝐶 =
𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑐ℎ𝑎𝑟𝑔𝑒
∗

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
 

  

4.3.7. Self-Discharge and Ageing of Batteries 

The last parameter to consider is the self-discharge. We have assumed so far that the capacity 

of batteries decreases with time until the battery reaches the end of its lifetime, and that 

mainly because the continuous cycles “consume” the battery in a way. This idea is also 

applicable to batteries are not being used as they slowly lose some of their electrical capacity 

[7]. Self-discharge is in no way related to a defect in the battery, it’s in fact a property or a 

common characteristic of batteries. Energy is lost from the battery when it is not put into use, 

mainly because of the chemical reactions happening inside the battery. Self-discharge is more 

likely to happen when the battery’s SoC or temperature are high with the rate doubling with 

every increase of 10 Celsius degrees [12]. The graph below shows how cells exposed to deep 

discharges and those kept at 0 volts for a 14 day period are more subject to self-discharge than 

new cells. The cells kept at 0 volts for 14 days were the ones mostly affected by self-

discharge, followed by the ones exposed to deep discharges. We notice a small self-discharge 

in new cells as well which is totally normal. The losses may not seem significant (around 

2.4% decrease after 14 days) but they can reach astonishing numbers in the long run. 
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Figure 4.3.7.1: Self-discharge of Li-ion for three different cells [12] 

 

The next graph illustrates the effect of temperature on self-discharge for lead-acid type 

batteries. Lead-acid is generally the best type of batteries for achieving minimum self-

discharge, but increasing temperatures can negatively affect it. We can clearly notice that 

charging may not be needed at a temperature of 0 Celsius degrees since the energy stored 

would be enough to meet the needs. Even though the capacity decreases, it is still within 

acceptable limits. However, the higher the temperature gets, the tighter the situation gets. If 

the temperature rises 20 Celsius degrees or above and the cells are still kept unused for a long 

time, the chargeable capacity of the battery will drop forever and we might never be able to 

reach it again. 
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Figure 4.3.7.2: Capacity retention ratio as a function of storage period in months [12] 

Looking closely at these results and the ageing of batteries, it is important to define sulfation 

which is arguably the main reason behind this phenomenon. Sulfation happens when batteries 

are not recharged sufficiently after being discharged, small sulfate crystals start forming and 

growing. After long periods of charge deprivation, these crystals are converted to stable 

crystalline and envelope parts of the battery’s anode [12]. This decreases the battery’s active 

material mass and hurts its performance and ability to store energy. Some sulfation cases may 

be reversible: they can be fixed by overcharging the battery to dissolve the crystals. Other 

sulfation cases (extended periods of charge deprivation), however, are permanent and cannot 

be fixed by applying an overcharge. Despite that, overcharging is usually unadvised since it 

might induce or empower self-discharge [13]. 

4.4. Lithium-Ion Batteries 

4.4.1. Introduction 

  Lithium-ion batteries are today the most popular type used for electronic 

device batteries (portable computers, phones...) due to their good efficiency and lightweight. 

They are considered to be fairly recent compared to older types such as lead-acid that have 

been used for over a century now. However, Li-ion batteries have shown great and promising 
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results and an outstanding growth since the launch of the first Li-ion battery by Sony in 1991 

[14]. 

For a long time, the use of Li-ion batteries was particularly limited to electronic devices, but 

with the emergence of revolutionary hybrid cars (Tesla’s electric car for example) has 

renewed the interest in Li-ion batteries which might show great potential in solar energy 

applications as well. The most notable project when it comes to Li-ion type usage in home 

applications is Tesla Inc.’s Powerwall system destined to solar energy storage for off-grid 

self-consumption.  

4.4.2. Why Lithium-Ion?  

 For a long time, lead-acid batteries where the leading type when it comes to residential 

solar energy storage. However, with the impressive scientific advances in the field of energy 

storage and the emergence of a new, more complex, but more reliable technology, interest has 

shifted to Li-ion batteries as a potential and more interesting alternative to lead-acid 

technology. Li-ion batteries have been mainly used for portable electronics so far, but they 

have gained increasing popularity in residential energy storage in the last couple of years, 

especially the NMC technology used by companies such as Tesla and Siemens. Li-ion 

technology holds a lot of benefits, starting with a better energy density, good resiliency, and a 

relatively longer lifecycle [15]. Some of the other advantages of Li-ion technology compared 

to other batteries in general are: 

 Battery density: Li-ion batteries achieve moderate to high energy densities, both 

volumetrically and gravimetrically. They are therefore able to achieve very impressive 

energy density numbers compared to their lead-acid counterpart. This especially 

important when it comes to the weight factor [15]. 

 Lightweight: Li-ion batteries are one of the lightest types out there and are, for their 
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performance, considerably lighter than lead-acid. This is mildly interesting but also 

not very surprising considering lithium-based compounds are naturally lighter than 

carbon or lead-based compounds.  

 Little Self-discharge: A major advantage of Li-ion batteries compared to its 

competitors. They do no exhibit any considerable self-discharge effect and cells keep 

their charges over time. In general, Li-ion-type batteries have the lowest self-

discharge rates recorded today. 

 No priming necessity: Unlike other types (looking mainly at lead-acid and nickel-

based types), rechargeable Li-ion batteries do not need an initial priming process. In 

other words, they can be used instantly one purchased/acquired without having to go 

through an initial conditioning or preparation process [15]. There are other types of 

batteries that, when purchased, should be charged for a certain amount of time before 

being used for the very first time. 

 Outstanding efficiency: The efficiency numbers of Li-ion batteries can reach 

outstanding heights (up to 99%) efficiency and have a tighter and greater efficiency 

range than their counterparts.  

 Higher cell voltage: The cell voltage for Li-ion batteries is generally higher than in 

other types. This means we can use fewer cells in series to achieve a giving voltage. 

The following table illustrates some of these characteristics in concrete numbers: 



24 
 

 

Figure 4.4.2.1: Comparison of popular battery types [16] 

Despite the advantages they offer, Li-ion batteries also have disadvantages. The most 

recurring one is the cost which is much greater than other battery types. The second type of 

disadvantages pertains to protection: they need to be placed in a circuit where they can be 

constantly monitored so they are not excessively charged or discharged [15]. Both 

disadvantages can be overcome, fortunately. Pricewise, investing in a Li-ion battery that is 

durable and more efficient can prove to be a better long-term investment; that is why a lot of 

battery customers are very confident and not halted by the more expensive price of this type. 

Second, when it comes to protection, this is in a way a common issue for all batteries. 

Usually, this can be fixed using integrated-circuit technology that is very widely used today 

(charge controllers) [15]. 

4.4.3. Working Cycle 

 The whole idea behind adopting Li-ion batteries is converting chemical energy into 

useful electrical energy via insertion/extraction reactions using lithium ions [17]. Naturally, 

Li-ion batteries being rechargeable, this process is reversible continuously. According to the 

standards of electrochemistry, reduction happens at the cathode (loss of electrons and lithium 

ions) while oxidation occurs at the anode (gain of electrons and lithium ions) during the 
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discharge and vice versa for the charge stage. 

 

Figure 4.4.3: Charging and discharging states of a typical lithium ion battery [18] 

 As portrayed in Figure 4.4.3, the working process of the battery consists of two main 

steps: the charging and the discharging states. At the beginning of the charging state, the 

electrons and lithium ions are “intercalated” in the cathode’s structure [18]. On a macroscopic 

level, each positively charged lithium ion holds onto an electron since both particles are 

attracted to each other due to different ionic charges. A generator provides electric current in 

the circuit and that is when charging is initiated. An reduction reaction happens at the cathode 

and lithium ions are free to cross the permeable electrolyte to reach the anode. Electrons then 

flow in the circuit from the positive to the negative electrode (the opposite direction of the 

current) and reach the anode where lithium ions are intercalated to balance the net charge and 

fixate the lithium ions. In the discharge state, the opposite reaction happens and lithium ions 

are released to the cathode, creating a movement of electrons in the opposite direction, and 

therefore supplying the circuit or dipole connected. In both states, the charge/discharge step is 

over when the potential difference between both electrodes is too small [19].  If we were to 

take a lithium cobalt oxide battery (LiCoO2 in the cathode and graphite at the anode) as an 

example to illustrate this, the involved reactions would be the following: 

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− (1) 
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𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐶𝐿𝑖𝑥  (2) 

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐶𝐿𝑖𝑥 (3) 

With (1) being the equation at the cathode, (2) at the anode, and (3) the overall reaction of the 

battery system [19]. As for the direction, charge will be taken as right to left whereas 

discharge is simply the opposite direction for every reaction. All these reactions are facilitated 

by insertion, which allows lithium ions to leave their original compound to be inserted in the 

opposite electrode and later extraction to allow lithium ions to return to their original 

compound [19]. Therefore the “x” variable in the previous equations can either be 0 or 1 

(depending on the beginning or end of the stage).  

4.4.4. Components and Materials 

 A typical Li-ion battery consists of the following main components: 

 The anode which is the negative electrode of the battery. It has the tendency to accept 

lithium ions during charge and releasing them during discharge. 

 The cathode which is the positive electrode of the battery. It releases lithium ions 

during charge and accepts them during discharge. 

 The electrolyte is the electrically conducting solution between the anode and the 

cathode allowing the transfer of ions.  

4.4.4.1. Anode 
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 As previously stated, the anode is the negative electrode of the battery. Ever since 

batteries were launched, batteries have always relied on graphite (C6) as the most popular 

anode material. Graphite is simply an allotrope of carbon that has a crystalline structure. It 

consists of different layers of graphene bonded together via sp2-type hybridization where 

each carbon atom is bonded to three other carbon atoms, following a trigonal planar bond in 

2D [17]. 

 

 As illustrated in the two preceding figures, the structure of graphite is supported by 

Van der Waals bonds that hold together the different layers of graphene. There are many 

perks to graphite as a material which explains the reasons behind its choice for these batteries. 

First, graphite is an inexpensive material due to its abundance in nature. Second, it is 

relatively easy to handle and safe in most applications. Third, it has good cycling stability 

which allows consistent redox reactions that do not affect the structure of electrode materials 

[17]. The low to inexistent interaction between lithium and graphite allows the 

intercalation/extraction to happen without major issues such as plating which can harm the 

battery materials, cause degradation, or issues such as short circuits, mechanical failure, or 

Figure 4.4.4.1.1: Structure of graphite [20] Figure 4.4.4.1.2: Structure of graphene layer [20] 
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dendrites. Therefore, the whole process goes smoothly and maintains a relatively high energy 

density throughout. The gravimetric (weight-related) and volumetric (volume-related) 

capacities are particularly important to consider here as well since the anode material should 

be dense enough to contain the intercalated lithium-ions [17]. The intercalation reaction that 

happens at the anode is the following for graphite:  

𝐶6 + 𝐿𝑖+ + 𝑒−  ↔  𝐿𝑖𝐶6 

It is for a fact that intercalation and extraction affect the volume of the used graphite: since 

lithium ions are charged or discharged into its structure, this leads to a volumetric change that 

can reach up to 10% due to the space it creates between graphene layers [17].  

 Other alternative to graphite that have been considered involve: insertion alloys 

(silicon, germanium, aluminum...), transition metal oxides (LTO), redox metal oxides (NiO2, 

Fe2O3...), and carbon allotropes such as graphene or carbon nanotubes [17].  

When it comes to insertion alloys, they are very good in terms of energy density, be it 

volumetric or gravimetric but are unfortunately subject to cases of unavoidable expansion or 

contraction to their structure due to the intercalation or extraction of lithium ions. This 

ultimately leads to damage to the structure of the active material and harms its longevity and 

charge/discharge cycle time [17].  

As for transition metals such as LTO (Li4Ti5O12), they have shown great promise and are 

actively used for certain types of batteries. Their ability to hold lithium ions within the 

stability window (electrochemical window) of carbonate electrolytes helps avoid the 

decomposition of electrolyte solvents and the formation of harmful SEI (solid electrolyte 

interface) [17]. SEI can be both good and harmful for battery systems since it impacts directly 

the conduction of ions in the electrolyte. It is the product of the decomposition of organic 

solvents, often used in electrolyte, and manifests itself in the form of an electrically-insulating 
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but ionic-conducting layer. In general, SEI is good as long as it is compact, stable, and 

ionically conductive: it can lead to a more durable battery that has a longer lifetime (fewer 

lithium ions crossing the electrolyte and therefore longer cycles). In some occasions, SEI 

formation may happen beyond the initial cycle of the battery which is unusual and will 

definitely affect the electrolyte’s ability to conduct ions between both electrodes. In such 

cases, the formed SEI is considered harmful and has a negative impact on the battery. LTO-

based batteries are good in that sense since they don’t rely on SEI formation which guarantees 

efficient and high-performing cycles. They are also very suitable for holding lithium ions 

since they are not subject to volume variations. This means LTO batteries have an outstanding 

cycle time but their theoretical capacity is much lower than that of graphite which limits its 

applications to high-power demand or prolonged cycling purposes [17].  

Redox metal oxides rely on organic conversion with lithium to store ions. They have 

demonstrated decent capacities, even better than that of graphite, as well as good cell voltage. 

The materials used are also very affordable and abundant in nature (manganese, carbon, iron). 

The issue with them resides in these conversion reactions and their weak chemical kinetics 

and side-effects such as the formation of an energy barrier during the breaking of the metal-

oxygen bond that may harm the involved cycles [17]. 

Carbon allotrope is the last category of materials that have been considered for anode 

applications. Graphene, for example, has always been a very attractive candidate due to its 

outstanding conductivity, chemical stability, and mechanical strength [17]. Its useful capacity 

is considerably higher than that of graphite, considering it can hold lithium ions in both sides 

of the sheets, compared to graphite that only makes use of one side. Lithium ions can also be 

stored in different spots such as defects or cavities, unlike in graphite. However, due to the 

important surface area of graphene layers, SEI can form excessively during the first cycle and 

therefore harm its capacity to host lithium ions [17].  
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All in all, graphite seems like the most complete candidate for most Li-ion battery anodes. 

Different materials may be considered for specific applications, but graphite remains the most 

popular and convenient choice. 

4.4.4.2. Cathode 

 One of the major limitations of anode materials is their low storage capacity, which 

has always been a challenge to overcome. They are, in that sense, different than anode 

materials which have shown promising and important storage capacities [17]. Cathode 

materials play a key role in determining the characteristics of a battery system such as the cell 

voltage, capacity, or energy density. Therefore, the choice of cathode material is a key factor 

that determines the performance of the battery. Originally, first battery models relied a lot on 

cobalt as the primary active component of cathodes [21]. The main material used in 1991 Li-

ion batteries was lithium cobalt oxide (LiCoO2) due to its stable capacity. However, research 

has reached and investigated new materials since then, and the new generation of cathode 

materials can be classified into two mains categories.  

The first category which is the most popular is lithium layered compound. They are 

structurally very similar to LiCoO2 and are, in a sense, variations where cobalt is replaced by 

another metal. To give a more detailed description on their structure, they consist of close-

packed oxygen anion lattices (O
2-

) in the form of layers in between which transition metal 

cations are hosted [17]. Lithium ions are stored in the empty spots between layers, as 

portrayed in the following figure [17].  

 



31 
 

 

Figure 4.4.4.2.1: Structure of Lithium Cobalt Oxide [20]   

  

The result is cathodes operating at high voltages with an important specific energy thanks to 

the high oxidation tendency of redox couples and greater number of compact lattices [17]. 

Examples of such compounds include LiNiO2, LiMnO2, or even LiNiMnCoO2. 

The second category involves materials such as vanadium and molybdenum oxides, layered 

or channeled compounds of manganese, and transition-metal phosphates [17]. This category 

is, in general, safer and less costly but operates at low voltages. It shows great promise but the 

former category still remains the go-to for most battery manufacturers.  

In certain cases, coatings of certain types of ceramics can be used on cathodes to improve the 

cycling performance and lifetime of these batteries. The thickness of the coating is very 

important here to protect the conductivity due to the insulating nature of ceramics [17].  

We will dive more deeply into the characteristics of each cathode when used in a battery 

system later on, when considering the different types of lithium-ion batteries we could use. 
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4.4.4.3. Electrolyte 

 The electrolyte is the last but not least component of a Li-ion battery that is equally 

important. It acts as a bridge between both the anode and the cathode and also participates in 

the formation of SEI when it is decomposed. The SEI or EEI (Electrode-Electrolyte 

Interface), as mentioned previously, is a layer with a mosaic-like structure that is ionically 

conducting (allows Li
+
 ions to go through it) but electrically insulating (preventing electrons 

to reach the electrolyte) which is extremely important for the functioning of batteries [22]. It 

is often referred to as a “natural separator”, and guarantees a longer lifetime due to the limited 

amount of lithium ions that cross it, and therefore a smaller capacity [22]. That is why, in 

some cases, additives (like VC, vinylene carbonate) are added to the electrolyte so to restrict 

or limit the formation of SEI within acceptable limits. 

 As far as Li-ion batteries are concerned, we often use liquid, gel, or dry polymer electrolyte 

[23]. They are often a combination of organic solvents like ethylene carbonate and lithium 

salts. The reason behind using organic solvents instead of water is the fact that lithium is 

highly reactive with water and can result in a highly flammable product. Though there have 

been new research projects investigating the potential water-based electrolyte solutions, it is 

still in the research stage and most batteries manufacturers today do not use aqueous solutions 

for the electrolyte. 

If other diverse carbonates are added to the solution, this results in a better ionic conductivity 

and wider temperature range. Ionic conductivity, in theory, increases with temperature, which 

explains why the transfer of ions via the electrolyte happens at relatively high temperatures 

[23]. 
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5  DESIGNING THE BATTERY 
 

5.3. Choice of Material 

  Choosing the right material for the electrodes as well as the electrolyte is 

extremely important considering not every material will prove efficient for residential energy 

storage. Looking at the market for home battery technology, the main technologies adopted 

are:  

 NMC-based batteries (Nickel-Manganese-Cobalt): Used mainly by Tesla in their 

Powerwall 2 system as well as LG in their RESU battery [24]. 

 LFP-based batteries (Lithium-Iron-Phosphate): Used by brands such as Simpliphi and 

DCS that argue it is a better choice than NMC due to more safety regarding thermal 

runaway [24]. 

5.3.1. Anode 

 As far as anode material is concerned, graphite seems like the safer and most complete 

choice we could go for. It is a perfect choice for our application where safety and lifetime 

considerations are important. Insertion alloys and redox metals are automatically out of the 

formula since they may lead to changes in the structure in the long run and therefore 

unavoidable safety issues and battery degradation. Same goes for graphene and carbon 

allotropes in general due to the risk of excessive SEI formation. LTO could be a very 

interesting choice as well but they are more suitable to high-power applications in the industry 

sector. In our case, we are just considering a small house; graphite is therefore better both in 

terms of cost and convenience to a small to medium scale application.  

5.3.2. Electrolyte, Separator, and Binder 

 When it comes to the electrolyte, the standard choice is LiPF6 (Lithium 

hexafluorophosphate) which is commonly used with organic solvents such as EC and DMC 

(ethylene carbonate and dimethyl carbonate as the acting organic solvents). To prevent 
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thermal runaway and problems related to temperature rises, we choose a gel polymer of 

PVdF-HFP (polyvinylidene fluoride - hexafluoropropylene) which has been quite popular for 

a long period of time. This will help us make up for the lower thermal runaway materials and 

increase the overall safety of the design. A separator and a binder will also be part of the 

electrolyte, mainly to isolate both electrode and prevent any direct contact between both as 

well as hold the materials together. 

5.3.3. Cathode 

 The material of the cathode is the most important factor to consider. As stated 

previously, the two most commons materials are LiNiMnCoO2 (Lithium Nickel Manganese 

Cobalt Oxide) and LiFePO4 (Lithium Iron Phosphate). When looking at the technical aspects 

of both cathode materials, the first thing we realize is how extremely close the race between 

both types is. Both types are very attractive and shine at specific functions/usages. The 

following table offers a detailed summary of the specifics of each type, considering a graphite 

anode: 

 LiNiMnCoO2 LiFePO4 

Cell voltage  

(V/cell) 

3.60 V – 3.70 V nominal 

3.0 V – 4.2V operating  

3.20 V – 3.30 V nominal 

2.5 V – 3.65 V operating 

Specific energy (Capacity) 

(Wh/kg) 

150 – 220Wh/kg 90 – 120 Wh/kg 

C-rate (charge) 0.7C – 1C 1C 

C-rate (discharge) 1C  1C 

Lifecycle (average # of cycles) 1000 – 2000  1000 – 2000  

Thermal runaway (minimum 

temperature in °C) 

210 °C 270 °C 

Table 5.4.1: LiNMC and LFP cathodes comparison [25] 
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In other words, NMC comes out ahead in terms of cell voltage, capacity but is more subject to 

thermal runaway compared to LFP that is much safer. We decide to opt for the NMC battery, 

being the most popular and better performing type in the market right now. As for the risk for 

thermal runaway, the choice of the electrolyte materials, gel, as well as insulation of the 

battery should allow us to limit this drawback.  

Through modelling via ComSol Multiphysics 5.3, we will build our own battery model for 

each type and we will be able to decide which one is the more convenient both in terms of 

technical characteristics but also in terms of other factors such as the cost, mass, and so on. 

5.4. Cathode Material Distribution 

 The most common material distribution, and the one most adapted to our project is the 

1-1-1 distribution. In other words, each of the main cathode materials (Nickel, Manganese, 

and Cobalt) holds a portion of 33.33% or one third. Cobalt is, in general, a very expensive 

material and this configuration would allow us to keep the budget within acceptable limits. 

We will be able to reach good performance results by using this configuration, especially 

because the portions of Nickel and Manganese, two complementary materials, match each 

other. The following table summarizes this choice: 

 Specific Energy Stability 

Nickel (Ni) High Poor 

Manganese (Mn) Low Spinel structure formation to achieve low 

internal resistance 

 

Table 5.5.1: Comparison of Ni and Mn based cathodes [25] 

The combination of both materials with equal portions enhances each material’s strengths 

while limiting their weaknesses.  
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5.5. Geometric Modelling: Preliminary Material Analysis 

 The first step in studying the characteristics of the NMC battery is the 2D modelling. 

This allows us to set the properties of the materials to be used in each part, their proportions, 

and get a preliminary evaluation of the battery. The visual representation is simplified to 

allow us to focus on the other characteristics. The dimensions and the form are therefore not 

representative as we will get to that in the later stages. The main idea is to make sure our 

choice of materials is safe and can actually be used efficiently. 

 

Figure 5.5.1: 2D geometric model of the battery via ComSol 

The model represents a 2D top or bottom cross-section view of the battery model where the 

pink domain represents the cathode (positive electrode), the green domain represents the 

electrolyte, the black boundary represents the current collector, and the blue boundary 

represents the anode (negative electrode). After drawing the model and setting each region to 

a battery part (electrode, electrolyte), we will now proceed with the definition of materials for 

each part. As previously stated, we are opting for a 1-1-1 configuration of NMC in the 

cathode, a graphite anode, and a lithium hexafluorophosphate (LiPF6) electrolyte with 

ethylene carbonate (EC) and dimethyl carbonate (DMC) as the acting organic solvents with a 
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ratio of 1:2. To improve the lifecycle of the model and its resistance to high temperatures, a 

gel polymer consisting mainly of PVdF-HFP (polyvinylidene fluoride - hexafluoropropylene) 

is added to the electrolyte.  

After the material choice has been made and set up, the next step is setting up the variables or 

physical quantities we wish to analyze. The most important and significant one for this 

preliminary simulation is the lithium concentration. Indeed, if we are able to track the change 

in the concentration and the direction the ions are moving, we can finally be sure that the 

process runs smoothly without any issues related to the transfer of ions and the involved 

chemical reactions. The environment temperature of the experiment is kept at 293.15 K as a 

rule so we don’t take temperature changes into consideration when it comes the performance 

of the battery in this preliminary analysis. After setting up the boundary conditions for each 

domain (cathode, anode surface, and electrolyte) and the current collector we can run the 

simulation. 

Through this simulation, we are mostly concerned with the smoothness of the first cycle. The 

main reason is the SEI formation. One would argue that we should run the simulation for 

longer periods along the lifetime of the battery to be sure of our good material choice, but in 

reality, the SEI is what plays a larger role in the performance of this battery model. The SEI 

formation happens usually during the first cycle, so looking at the first cycle of operation and 

the change in the concentration of lithium is enough give us a fair hint.  

We obtain the following results: 
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Figure 5.5.2: Insertion particle concentration in the cathode at t=0 

 

Figure 5.5.3: Insertion particle concentration in the cathode at t=5000s 
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Both graphs depict the simulation result of lithium-ion concentration in the cathode at two 

stages:  

 t=0s: The NMC cathode is fully charged with lithium ions. Notice that lithium ions are 

concentrated in the cathode-electrolyte boundary region as a preparation for the 

beginning of the discharge cycle. As we can see, some regions are entirely “blue”, 

meaning there is little to no quantities of lithium there. This is perfectly normal 

considering the space allocated for NMC active materials as well as the maximum 

SoC defined at around 0.8 for this application. 

 t=5000s: The NMC cathode is fully discharged and lithium ions have crossed the 

electrolyte to reach the anode. Compared to the initial stage, we have lower 

concentrations of lithium around the electrolyte-cathode boundary which is perfectly 

normal. Again, not all lithium ions have left the cathode. Part of this is because of the 

depth of discharge of 0.2, as well as the fact that, naturally, not all lithium ions leave 

the cathode during the cycle. More lithium ions are concentrated in the top side of the 

cathode because of its proximity to the current collector joined to the battery. 

Based on this simulation, we can conclude that the choice of materials is perfectly sane and 

can be used in a battery model without major drawbacks. The SEI formation exhibited during 

the first cycle is not excessive and allows for the transfer of a large portion of lithium-ions. 

5.6. Determining the Battery Characteristics 

 The result of the preliminary analysis confirmed that the chosen materials were 

convenient for the battery model. We therefore have a battery with the following material 

configuration: 
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Battery Type Li-NMC 

Cathode Active Materials Nickel – Manganese – Cobalt 

Material Distribution Ratio 1:1:1 

Anode Material C8 

Electrolyte Material LiPF6 

Electrolyte Organic Solvents EC – DMC 

Organic Solvent Distribution Ratio 1:2 

Electrolyte Additives PVdF – HFP Gel 

 

Table 5.7.1: NMC Battery Configuration 

 

We can now start dimensioning our battery based on how much energy is generated by our 

solar PV system. The first thing we have to look at is the energy generated by the solar tiles 

adopted for this house. The to-be-installed solar tiles have an energy generation potential of 

around 8 MWh/year. We can infer the following results: 

 The energy generated every month: 

𝐸𝑚 = 7.93
𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
∗

1 𝑦𝑒𝑎𝑟

12 𝑚𝑜𝑛𝑡ℎ𝑠
= 0.66083

𝑀𝑊ℎ

𝑚𝑜𝑛𝑡ℎ
= 660.83𝑘𝑊ℎ ∗

1 𝑑𝑎𝑦

12 𝑚𝑜𝑛𝑡ℎ𝑠
   

≈ 21.31
𝑘𝑊ℎ

𝑑𝑎𝑦
 

This energy value takes into consideration all generation-related losses such as irradiance 

level, temperature, wiring, inverter, and so on, as per the data provided by PVsyst. This value 

is therefore the total energy generated by the tiles that can be used in the house. As we know, 

not all this energy is going to be used during the day. As a matter of fact, only a small fraction 

of our total energy consumption comes from daily activities. The peak demand being at 

around 6 to 7PM in Morocco, 60% of our daily consumption tends to be at night hours.  In the 



41 
 

case where our battery system is destined to be the main source for nighttime off-grid energy, 

storing 60% of Em during the day would guarantee enough energy to be able to function at 

night. This would require the battery to function on longer hours during the day to store the 

energy needed. In the case where our battery is only used as a backup storage for future use, 

the percentage of the energy stored could be considerably decreased and conducted over 

longer time periods.  

In the case where it is our main source for energy at night, we should keep in mind that the 

battery isn’t going to store 100% of the energy transferred to it. For our case, working on a 

lithium-ion NMC battery, it is important to keep a DoD of around 15% as to not harm the 

battery’s chemical process and guarantee a fair lifetime. This would imply a battery’s SoC of 

85%. Therefore, the battery pack’s capacity should be around: 

𝐶 = (1 + 𝐷𝑜𝐷) ∗ (0.6 ∗ 𝐸𝑚) = (1 + 0.15) ∗ 0.6 ∗ 21.31
𝑘𝑊ℎ

𝑑𝑎𝑦
= 14.7039

𝑘𝑊ℎ

𝑑𝑎𝑦
 

By making up for the battery’s DoD, we get a required daily usable capacity of 14.7 kWh for 

our battery pack. We can then start looking at the specific characteristics of the battery used 

for this application. There are four essential parts to our battery choice: the canister, the cell 

specifics, the load, and the thermal specifics. 

5.6.1. Canister 

 The canister is the recipient of the cell and the container of the chemistry of the 

battery. When it comes to lithium-ion batteries, we have the choice between two main canister 

types, the cylindrical type and the prismatic type. For NMC batteries, we usually use 

cylindrical canisters. Within the cylindrical group, we have two types that are used for PV 

applications: the 18650 and 21700. However, both types offer relatively low amounts of 

usable capacity. They are mostly used for electronics applications due to the advantages they 

offer. For our case, we would like to choose batteries that will allow us to achieve the 
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required amount of capacity without having to invest in a large amount of batteries and 

therefore end up with a heavy or voluminous module. Prismatic cells are therefore better in 

that sense and will allow us to meet our voltage and capacity requirements while maintaining 

a cheap, affordable, and lightweight battery module. The optimal active material fraction of 

the entire battery is therefore 0.95 according to ComSol’s optimizer. That means that the jelly 

roll (the rolled parts inside the battery including the electrodes, separator, and electrolyte) 

accounts for a total of 95 percent, leaving the rest (5 percent) as space for the canister 

enveloping everything. 

 

Figure 5.7.1.1: Battery Canister details on ComSol 

5.6.2. Cell 

 When it comes to the cell, we have already decided to adopt a 1:1:1 NMC Li-ion 

battery. We now have to decide on the dimensions and other cell specifics. The chosen 

dimensions of our single NMC cell is: 11mm*90mm*190mm (depth, width, and length 

respectively). This allows a lightweight and pretty thin battery cell design. To decide what the 

optimal volume fractions for every part are, we use the Li-ion battery design optimizer on 
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ComSol Multiphysics 5.3 again to obtain the right numbers. We obtain the following results 

thanks to the software. The dimensions and the capacity of the battery are also calculated. We 

should keep in mind that the real capacity of the batteries is slightly less than the given 

theoretical value. We obtain the following results on ComSol: 

 

Figure 5.7.2.1: Cell Specifics on ComSol 
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SEPARATOR 

Electrolyte volume fraction 

(Separator) 

0.2 Fraction of the separator in the electrolyte 

CATHODE 

Volumetric capacity 1.31*10
6
 A.h/m

3 
Capacity by each volume unit of 1:1:1 

NMC material  

Electrolyte volume fraction 

(Cathode) 

0.34 Fraction of the cathode in the electrolyte 

Active material volume 

fraction (Cathode) 

0.6 Fraction of the active material 

(LiNiMnCoO2) in the cathode 

Binder volume fraction 0.06 Fraction of the cathode allocated for the 

binder 

ANODE 

Electrolyte volume fraction 

(Anode) 

0.5 Fraction of the anode in the electrolyte 

Active material volume 

fraction (Anode) 

0.5 Fraction of graphite in the anode 

Excess host capacity 0.25 Maximum capacity that can host an 

excess of lithium-ions 

CAPACITY LOSS 

Lithium inventory loss during 

formation cycling 

0.05 Equivalent capacity of lithium ions lost 

during SEI formation 

 

Table 5.7.2.1: Summary of Cell Specifics 
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5.6.3. Load 

5.6.3.1. Voltage and Configuration 

 The load is perhaps the most important part to consider since it is what governs the 

performance of the battery in the circuit and how much energy it can deliver. Looking back at 

the required usable capacity that was calculated, taking into consideration the amount of 

energy generated by the tiles, we need an available capacity to store around 14.7 kWh a day. 

By opting for 3.7V (classic voltage for NMC cells) and 20Ah of available capacity per cell, 

we will be able to achieve that number. The important thing to remember when it comes to 

dimensioning is what every circuit configuration (in series or in parallel) is meant to achieve. 

Series circuits allow us to boost the equivalent voltage while retaining the capacity of one 

single cell. Parallel circuits allow us to boost the capacity while retaining the same voltage 

between symmetric nodes. 

For solar energy storage applications, people are advised to use the same cells since different 

cells (with different characteristics) might result in unexpected and unavoidable issues. For 

most of these applications, the voltage range is usually between 48V and 66V. 

For our personal case, we will have to opt for a number of cells between X and Y. 

𝑋 =
48

3.7
= 12.97 ≈ 13 𝑐𝑒𝑙𝑙𝑠 

𝑌 =
66

3.7
= 17.83 ≈ 18 𝑐𝑒𝑙𝑙𝑠 

Therefore, our ideal number of batteries should be between these two numbers: 

13 ≤ 𝑛 < 18 → 𝑛 ∈ {13; 14; 15; 16; 17} 

If we decide to opt for 13 battery cells, we will get an equivalent voltage of 48.1 between 

parallel nodes. 

𝑉 = 13 ∗ 3.7 = 48.1 𝑉 
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This means we will have to use exactly 13 batteries in series throughout. 

As for the capacity, by opting for battery cells with a capacity of 20Ah, we can find the 

number of parallel connections using the following formula. We divide the energy in kWh by 

the voltage we previously calculated to get the capacity in Ah and then we can divide it by 

20Ah to find the equivalent number. 

𝑍 =
14.7 ∗ 103 𝑊ℎ

48.1 𝑉
∗

1

20 𝐴ℎ
=

305.61 𝐴ℎ

20 𝐴ℎ
= 15.28 ≈ 16 𝑐𝑒𝑙𝑙𝑠   

Our circuit configuration will therefore be a 13S16P320 (13 in series and 16 in parallel for a 

total of 320Ah). 

5.6.3.2. SoC, C-rate, Lifetime, and Efficiency 

 As previously mentioned, we are opting for a 0.85 SoC and therefore a DoD of 0.15. 

This will allow the battery cells to operate smoothly without any issues related to its 

chemistry. We obtain the following results by running the ComSol optimizer with the chosen 

SoC and DoD values and cell voltages. 

 

Figure 5.7.3.2.1: Load Specifics on ComSol 
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Figure 5.7.3.2.2: SoC and DoD as a function of charge and discharge time on ComSol 

 

The optimization results from ComSol indicate that a C-rate of 0.2C and 1C for charging and 

discharging respectively would result in a charge time of 12600s (3 hours and a half) which is 

quite reasonable considering most of batteries of this type in the market require around 3 

hours for charging. Even though the discharge rate found is 1C, it all depends on the energy 

demand of the house. A C-rate of 1C means the battery module can supply up to a maximum 

of 305.61 A in 1 hour which is a huge number. Ideally, the period of time for discharge is 

much longer than that so the battery will be able to supply moderate amounts of energy for 

every device that needs it. In any case, a total available energy of 305.61 Ah every day during 

nighttime should be enough to power all their appliances. We obtain the following graph of 

cell potential and C-rate as a function of time to summarize all our optimal findings: 
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Figure 5.7.3.2.3: Voltages and C rate as a function of time on ComSol 

When it comes to the lifetime of this battery module, it is really hard to calculate using a 

specific formula. Battery lifetime models are quite complex and none of them offer an 

absolute way to calculate the lifetime. This is due to the intensive knowledge in the chemistry 

of the battery, taking into consideration the different reactions and the loss in capacity through 

time.  The equivalent round-trip capacity of each cell according to ComSol, taking into 

consideration all the previously mentioned parameters, is around 97.5 percent. For this 

specific battery, the lifetime is estimated at 2000 cycles. This means the battery can perform 

up to 2000 cycles before it becomes unusable (drops below 80% of its initial 20Ah capacity). 

The battery therefore loses an equivalent of: 

𝑟𝑙𝑜𝑠𝑠 𝑖𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  0.2 ∗
20

2000
= 2 ∗ 10−3

𝐴ℎ

𝑐𝑦𝑐𝑙𝑒
= 0.01% 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 
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5.6.3.3. Charge Controllers 

 Charge controllers are the last component of the storage system to consider. They are 

used to make sure the batteries are not overcharged or excessively discharged. Using charge 

controllers will allow us to reach a significant lifetime and avoid problem related to 

inconsistent charge and discharge cycles. We know the equivalent power output of the PV 

system is around 5760 W. We also the storage system has an equivalent nominal voltage of 

48.1 V. In that case, we can calculate the Amp-value of the charge controller. 

𝑖 =
𝐸

𝑉
=

5760 𝑊

48.1 𝑉
= 119.75 𝐴 ≈ 120 𝐴 

Therefore, we can use two charge controllers of 60 A / 48 V (nominal) for the storage system. 

Concerning the efficiency of the charge controllers, we decide to opt for high efficiency above 

all to ensure a good energy transfer. Since our battery number was slightly overestimated 

(since we can only use integer numbers of batteries), as long as the inverter has an efficiency 

of 95% or more, this shouldn’t affect our previous calculations. 

5.6.4. Thermal Specifics 

 By modeling the battery design on ComSol, we get a graph of the heat sources and the 

maximum generated heat and temperature during the cycles. All in all, we clearly notice that 

the maximum temperature reached is around 23 degrees Celsius, the equivalent of a 2.4W 

value of heat generated. This is, in general, a good sign and shows that our electrolyte and gel 

additives choice was good and will help us prevent reaching thermal runaway temperature.  
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Figure 5.7.4.1: Temperature and generated heat as function of time on ComSol 

In general, such batteries are meant to be kept in cool environments to avoid overheating or 

battery failure. The ideal or standard environment operating temperature for this design was 

therefore set to 20 degrees Celsius. All in all, the battery is very safe to use and the risk for 

thermal runaway in this case is very low. The temperature range of the battery is also safe 

(between 20 and 23 degrees Celsius during cycles) considering the wide boundaries for 

charge/discharge temperatures of Li-ion batteries (between 0 and 45 degrees Celsius for 

charge and -20 and 60 degrees Celsius for discharge). 

5.7. Cost Analysis 

 The last step in our design is estimating the cost of our storage system. When it comes 

to our personalized battery cells, the easiest way to acquire is to place an order in a battery 

manufacturing company. Panasonic is probably the better choice here since they already 

manufacture NMC Li-ion batteries to be used in Tesla Powerwall units. After filling a 



51 
 

specification sheet with all the details and characteristics we have previously calculated, an 

order can be placed on the battery module we want from the manufacturer. No shipping costs 

are included with Panasonic and all the module can be therefore shipped for free.  

We can estimate the cost of a typical battery cell by looking at similar products in the market. 

Same goes for the charge controllers that will be directly purchased from the market to meet 

our product requirements. Since we will only be using one single module in our battery bank 

in a small house application, maintenance and installation costs will be relatively low (around 

10% of the total price of the battery cells). The cost for the two charge controllers should also 

be included as well as the cables needed to ensure the connection between them and the 

battery module.  

Apparel Type Quantity Total Cost 

Personalized Li-

NMC cells 

48V/20Ah 

190*90*11mm 

𝑛 = 13 ∗ 16

= 208 𝑐𝑒𝑙𝑙𝑠 

𝑝 = $18 ∗ 208 = $3744

= 34 364.57 𝑀𝐴𝐷 

Charge Controllers 

(including cables) 

60A/48V 2 𝑝 = $198 ∗ 2 = $396

= 3 634,71 𝑀𝐴𝐷 

Maintenance and 

installation costs 

- - 𝑝 = 0.1 ∗ 34364.57

= 3 436.757 𝑀𝐴𝐷 

Total   𝒑 = 𝟒𝟏 𝟒𝟑𝟗. 𝟎𝟑𝟕 𝑴𝑨𝑫 

Table 5.8.1: Cost Analysis of the storage system 

This is a relatively good price considering other costly alternative in the market, especially 

looking at Tesla’s Powerwall, which costs around 7000 Euros for a 100 m
2 

 house area. 
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6  CONCLUSION 
 

 All in all, our main objective of designing an optimal energy storage system for our 

sustainable home was successful and ended up costing much cheaper than its equivalents in 

the energy storage market, looking mainly at Tesla Powerwall. Due to the time constraint and 

the limited availability of similar batteries and other components in the Moroccan market, we 

were unable to implement a prototype of the system. Most components need to be acquired 

from manufacturers abroad before the installation and testing can both start. Our end-product 

is, as expected, efficient, durable, and relatively affordable while also respecting ethical and 

environmental standards and ensuring the safety of the users and the solar energy system as a 

whole. 
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APPENDIX A 
 

CHAIB Oussama 

EMS 

ENSURING ENERGY STORAGE FOR A SUSTAINABLE HOME DESIGN 

KHALDOUN A 

Spring 2018 

 

The purpose of this capstone research is to ultimately develop and produce a set of batteries to 

be used for energy storage in a model eco-friendly building in the Zaouiat Sidi Abdesslam 

region. The building receives energy from a solar panel power system and the molten-state 

battery prototype comes as a cheap, affordable, and environment-friendly solution to the issue 

of solar energy storage.  

The project will first start with an analysis of the batteries, their composition and content, the 

advantages they offer, and what makes them different than conventional energy storage 

methods. Naturally, this analysis will consider the economic aspect of adopting such batteries 

through a thorough financial analysis.  

After performing the analysis, we will be able to decide on the design of the battery we want 

to use. There are several types of batteries and each has its own advantages and perks. In this 

design part, we will decide what type we will use and other aspects such as the 

charge/discharge rate, capacity, self-discharge, and ergonomic measures to be respected as far 

as usage is concerned. The scale of the battery to be produced will depend on the energy 

requirements of the building and how many units we plan on using in a way that maximizes 

efficiency and effectiveness.  

In the implementation part, a prototype was planned based on the design we have agreed 

upon. In the case where the project requires the use of a set of similar batteries, one single unit 

will be enough if we wish to test the product and evaluate its performance. Unfortunately, due 

to the unavailability of most battery parts in Morocco, this couldn’t be achieved by the 

deadline of the project. 

In the testing part, several measurements will be conducted. The main purpose would be 

demonstrating the efficiency of the chosen lithium-ion batteries as well as the ratio price-to-

quality. Other topics such as durability, longevity, and effect on the environment will be 

addressed during the testing part. Ideally, we would like to allocate a period of 2 to 3 weeks 

for each of the four main steps. 

Ultimately, the end goal of the project would be helping the local community at Zaouiat Sidi 

Abdesslam by efficiently storing the solar energy generated from the panels installed in the 

model building. This would help the community make the most out of the energy they have 

and have a back-up system in cases of rough weather conditions. Rechargeable batteries are a 

relatively new way of storing renewable energy and implementing this idea would help 

promote sustainability, not only in energy generation, but also in energy storage. 

 


