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Abstract 
This thesis provides a comprehensive and detailed analysis on the effect of 

the battery operation strategy on the lifetime of commercial lithium-ion 

batteries and on the economics of off-grid photovoltaic (PV)-battery 

systems. 

 

Lithium-ion batteries play a key role in the transition to a fossil-free 

society. Compared to electric vehicles, stationary energy storage has 

different requirements for the performance and lifetime of batteries. 

Although optimal battery design is critical to achieve high energy density 

and longer lifetime, operation plays an important role in preventing 

premature performance degradation. Understanding the effects of 

suppressed demand, geographical location, and application on system life 

cycle costs also enables optimal system design. 

 

Load profiles for three applications were estimated and implemented in a 

simulation model, along with meteorological data for three locations and 

the suppressed demand (SD) effect. Using the hourly state of charge (SOC) 

profiles, four battery operation strategies were designed using partial 

cycling with different cut-off voltages and two state of charge windows 

(ΔSOC). Commercial cells were used for the experimental tests. After over 

1000 cycles a post-mortem characterization was performed. 

 

The experiments revealed the cause of premature degradation at high SOC 

operation to be a combination of impedance rise in the positive electrode 

and loss of lithium inventory at the negative electrode leading to decrease 

of capacity. Studies on the impedance spectra of the cells using physics-

based modeling revealed a loss of conductivity between particles in the 

positive electrode. At system level, as the SD increases, so does the 

operational ΔSOC width, while the reliability of the system decreases. We 

defined the reliability as loss of power supply probability. Finally, 

optimization of cost and reliability, revealed that an optimal system design 

favors a battery operation strategy with wider ΔSOC instead of battery 

lifetime. 

 

 

Keywords: Lithium-ion batteries, aging, partial cycles, DVA, EIS, NCA, 

stationary energy systems, PV systems, rural electrification.  
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Sammanfattning 
Denna avhandling ger en omfattande och detaljerad analys gällande hur 

upp och urladdningsstrategin påverkar livslängden för kommersiella 

litium-jonbatterier och ekonomin för solcellssystem som är frikopplade 

från elnätet. 

Litiumjon-batterier spelar en nyckelroll i övergången till ett fossilfritt 

samhälle. Jämför man med elfordon, så ställer stationära 

energilagringssystem andra krav på prestanda och livslängd för dess 

batterier. Även om optimal batteridesign är kritisk för att uppnå hög 

energidensitet och lång livslängd så spelar användningen (driften) av 

batteriet en viktig roll för att förhindra för tidig prestandaförsämring. 

Genom att förstå effekterna av undertryckt efterfrågan, geografisk 

placering och applikation på systemets livscykelkostnad möjliggörs 

optimal systemdesign. 

Elkonsumtion profiler för tre applikationer beräknades och infogades i en 

simuleringsmodell tillsammans med meteorologiska data för tre 

geografiska placeringar, samt effekten av undertryckt efterfrågan (SD). 

Med hjälp av erhållna timprofiler för laddningsnivå, designades fyra 

batteridrifts-strategier som använder partiella cykler vid tre olika 

spänningsnivåer och två laddningstillståndsintervall (ΔSOC). 

Kommersiella celler användes för de experimentella testerna. Efter mer än 

1000 cykler och kontinuerliga mätningar under åldringsprocessen, 

utfördes en post-mortem karakterisering. 

Experimenten visade att orsaken till för tidig prestandaförsämring vid drift 

vid höga laddningstillstånd (SOC) är en kombination av impedansökning 

hos den positiva elektroden och inlagring av litium i den negativa 

elektroden vilket leder till kapacitetsförlust. Studier av impedansspektra 

för cellerna där fysikaliska modeller använts avslöjade en minskning av 

ledningsförmåga mellan partiklarna i den positiva elektroden. När man på 

systemnivå analyserade inverkan av undertryckt efterfrågan så 

observerades att laddningstillståndsfönstret ökade och en försämrad 

systempålitlighet. Den avslutande optimeringen av kostnad och pålitlighet 

visade att en optimal systemdesign bör använda en driftstrategi för 

batteriet med ett bredare laddningstillståndsintervall. 

 

Nyckelord: Litiumjon-batterier, åldring, partiella cykler, DVA, EIS, NCA, 

elnätsoberoende (autonoma) energisystem, solcellssystem, 

landsbygdselektrifiering. 
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1 Introduction 
 

1.1 Bolivia’s lithium rush 
The ”Salar de Uyuni” salt flat was formed around 42,000 years ago and 

spreads over 10 582 km2 1,2. It contains an estimated of 10,000,000 t of 

lithium dissolved in the brine deposits beneath the surface3. Including 

nearby salt flats in the same region the lithium resources total 21,000,000 

t, making Bolivia the main holder of lithium resources in the world4. On 

many occasions, state-backed and private companies tried but failed to 

achieve its successful extraction and processing. Between 1980 and 1990, 

private proposals to gain concessions of the resources were rejected by the 

government due to public nonconformity with the revenue schemes and 

extraction conditions planned by the transnational companies. During the 

government of former president Evo Morales in 2008, the construction of 

the pilot plant “Llipi Llipi” was initiated as the first stage of an 

industrialization program with 200 t/year of lithium carbonate as target 

production. The final stage for the start of production at industrial scale 

was planned for 20235. Later in 2010 Morales government presented 

strategic guidelines called “Estrategia de industrialización de los recursos 

evaporiticos en Bolivia (Strategic industrialization of the evaporitic 

resources in Bolivia)” where the production of lithium-ion batteries was 

the final stage of the value chain6. Local production of lithium carbonate 

and subsequently cathode materials can reduce the production cost of 

lithium-ion batteries. However, major markets for lithium-ion batteries 

are mainly in Asia, Europe, and North America for which transportation 

costs increase the final product cost considerably. In addition to this, the 

value chain for the battery industry includes importation of components 

from faraway markets decreasing the mentioned competitive advantage. 

The question remains as to who would consume the batteries produced by 

the state-owned company. 

 

A potential answer relies on the long-held aspirations for universal 

electrification in Bolivia. The latest target set by the government is to 
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achieve 100% access to electricity in both the urban and rural areas of the 

Bolivian territory by 20257. It has been assessed that when grid expansion 

is prohibitively expensive or impractical for remote and disperse 

communities, electricity shall be supplied through rural electrification 

projects that consider the use of alternative technologies and local energy 

sources8. The Altiplano region in Bolivia receives among the greatest solar 

radiation per square meter on the planet, with an annual average of 3 000 

kWh/m2 [global solar atlas]. Thus, the use of photovoltaic (PV) systems is 

a natural choice. However, to provide electricity during the night and 

ensure reliability to overcome the intermittent nature of off-grid PV 

systems, an energy storage system is needed. Typically, lead-acid batteries 

are installed as part of the PV systems due to their low cost and 

modularity9,10. Still, there are challenges related to the reliability, safety, 

and sustainability of such technology. This is mainly due to its dependence 

on frequent maintenance, the toxicity of its components when discarded, 

and its short lifetime compared to the PV system 11,12. Therefore, and 

because the largest reserves of lithium are located in Bolivia, this work 

proposes the use of batteries with lithium-ion technology in off-grid PV 

systems as a potential alternative to help in the search for universal 

electrification in Bolivia.  

 

As part the effort on finally finding a potential use for Bolivian lithium-ion 

batteries, Universidad Mayor de San Andres (UMSA) and the Swedish 

International Development Agency (SIDA) have initiated a program 

focused on training human resources to study, develop, and implement 

lithium-ion batteries with off-grid PV systems. The present work is framed 

within the UMSA-SIDA project “Energia e hidrocarburos para el 

Desarrollo sostenible (Energy and hydrocarbons towards sustainable 

development)”. 

1.2 A sustainable approach 
To enable a future with renewable energy generation, our society requires 

electrochemical energy storage systems to be used not just in the 

automobile industry, but also for stationary applications. Since the 

revolutionary commercialization of the lithium-ion battery for portable 

devices by Sony in 1991, the spectrum of applications for this technology 

continues to grow wider every day13,14. From pure electric and hybrid cars 

to stationary energy storage systems, lithium-ion batteries display great 

features of energy density, weight, safety, and growing market maturity15. 
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However, with the spectra of various types of applications increasing 

rapidly, different applications will demand new operation strategies and 

innovative designs. Thus, the choice of battery technology, determination 

and prognosis of its lifetime, and optimal tuning of its operation strategies 

need to be carefully studied to enable the full potential of this technology. 

 

Plus, with the recent Noble price (2019) granted to the inventors of the 

lithium-ion battery, this technology is considered to play a key role in the 

decarbonization of energy systems. Therefore, and also as part of the 

United Nations Sustainable Development Goal number 7, related to the 

access to affordable reliable, sustainable, and modern energy for all16, this 

work aims to help policy makers and project planners, by giving them 

information and tools to assess and choose technology, optimize their 

design, and most importantly provide energy to those who still lack it. 

1.3 Rural electrification and lithium-ion batteries 
Electrical energy storage is a key component for off-grid energy systems 

particularly those located in disperse and remote rural areas. Without grid 

connectivity, alternative forms of electricity generation are considered. The 

best alternative to satisfy the electricity demand in rural areas is by using 

renewable energy sources17. Most projects for rural electrification use PV 

systems to meet the basic electricity needs of rural users not connected to 

the grid18,19. Bolivia is a country where a large population is dispersed in 

rural areas, of which a large portion are located in the Altiplano region. 

Having the advantage of high altitude and high solar irradiation, the use of 

PV technologies is a natural choice. Due to the remoteness, energy storage 

units are necessary. For such use cases, lithium-ion batteries have the 

advantage of higher energy density, high efficiency, and longer lifetime 

when compared to the commonly used lead-acid battery20. Although the 

price is still higher and strongly affects the initial investment, recent 

publications have shown that the levelized cost of energy is now lower than 

for traditional technologies21. To overcome the economic challenge of using 

lithium-ion batteries used in stationary off-grid applications, improvement 

of battery lifetime through operation strategy analysis is the focus of this 

work. 
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2 Scope of the thesis 
 
The first aim of this thesis was to evaluate the aging behavior of lithium-

ion batteries using a lab-scale synthetic aging procedure, tailored to the 

operating conditions observed in off-grid PV-battery systems. Secondly, by 

modeling the energetic performance of the systems including the effect of 

suppressed demand, recursive state of charge (SOC) ranges were identified 

and considered as operation strategies. At the system level, three types of 

applications were studied, a household, a school, and a health center in 

three locations in Bolivia.  

 

Some major questions in this work were: 

• How does the operational strategy and sizing of the battery impact 
the economics and reliability of off-grid PV-battery systems? 

• How are the operation strategies affecting the battery lifetime and 
aging mechanisms? 

• What methodologies are useful to study the operation optimization of 

off-grid PV-battery system? 

 

Commercial lithium-ion batteries were cycled using the identified SOC 

ranges, and their performance was monitored. At the end of the test, a post-

mortem procedure was performed to disassemble the commercial batteries 

and recover the electrodes from within. Using electrochemical techniques 

and physics-based modelling, electrodes harvested from the used batteries 

were investigated for aging mechanisms such as loss if lithium inventory, 

loss of active material and impedance increase. 

 

Finally, an economic evaluation including the effects of the battery 

operation strategy and geographical location on the life cycle cost (LCC) 

and reliability of the PV-battery system was performed.  
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3 Relevant concepts  

3.1 The off-grid PV-battery system characteristics 
Although grid extension is considered as a solution for cases where the 

investment is justified by the size of electricity demand and population 

density, remote and disperse locations need a different approach 22,23. Due 

to the low energy consumption and remoteness of such communities, the 

connection to the grid is expensive and likely to be poorly maintained due 

to the weaknesses of the electric network8. It is in these cases when off-grid 

systems become relevant and have shown an increased deployment rate 

during the last decade 24. 

 

One of the main causes of rural off-grid photovoltaic (PV) system failure 

and premature end of life (EOL) is lack of maintenance, in disperse and 

remote regions20. Off-grid PV systems need a set of batteries to provide 

energy during nighttime use or when little solar irradiance is available. 

Most of the installed PV systems in Bolivia’s rural area use lead-acid 

batteries25. If well maintained these systems can last up to 5 years, but 

without maintenance the battery lifetime can be reduced to 1 - 2 years.  

Moreover, battery disposal is not regulated and it has been found that users 

often abandon or bury the discarded batteries, causing major 

environmental impact to the local area18,26. Fortunately, it is possible to 

avoid replacement of the battery in a PV system by using lithium-ion 

batteries capable of matching the lifetime of PV modules. In fact, recent 

publications demonstrate a lithium-ion cell that can provide energy 

storage in grid-connected applications for up-to two decades27. Lithium-

ion battery lifetime is closely related to the operating parameters under 

which it is used. It is possible to substantially  improve its lifetime by tuning 

parameters, such as namely, depth of discharge range, SOC operation 

window, temperature, and current rate 28,29. Finally, rural communities in 

the Bolivian Altiplano are currently seeking cheap, reliable, and clean 

energy sources to fulfill their energy needs and with a local cultural 

approach to the environment.  
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An attractive alternative for rural electrification is decentralization, by 

generating energy locally and using the resources available in the local 

region30. At more than 4,000 meters of altitude above sea level, the yearly 

solar irradiance is ideal for the use of PV systems in micro-grids with 

integrated energy generation and storage to satisfy the basic needs of the 

community. However, the sustainability of such systems relies on adequate 

design and operation. In addition to the design and sizing of the main 

components, battery lifetime plays an important role in system cost. 

 

The schematics for an off-grid, rural system is presented in Fig. 1. 

Electricity is generated by the solar panel, which feeds the battery through 

a battery charger, and finally transmitted to the load through a DC/AC 

inverter. 

 

 
Figure 1. Schematic diagram of a rural off-grid PV-battery system 

3.2 The suppressed demand (SD) 
Electrification of rural areas is a key activity to ensure access to affordable, 

reliable, sustainable, and modern energy for all, as is stated in the United 

Nations Sustainability Goals 31. As a consequence of the improvement in 

quality of life, the concept of suppressed demand becomes relevant; this is 

closely tied to the energy ladder (Fig. 2), which represents a user’s energy 

consumption evolution over time32. Rural electrification projects usually 

target unelectrified users. Therefore, such an electrification project 

PV module Inverter DC/AC

Battery 
charger

Battery
Set of appliances
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includes a set of basic electric appliances to satisfy basic needs such as 

lighting and communication. This is done with the goal of improving the 

living conditions of the user. However, once the user’s wellbeing improves, 

greater electricity needs arise and with them the power and number of the 

appliances. Hence, a system designed without consideration for the 

suppressed demand will soon become insufficient 33. Fig. 2 shows the 

concept of the energy ladder in the rural electrification context.  

 

 
 

Figure 2. Conceptualization of the energy ladder. The amount of electricity used 

increases with time, number, and power of the appliances. 

3.3 The loss of power supply probability (LPSP) 
The optimization process used to design the system was based on the 

principles of reliability and cost. The loss of power supply probability 

(LPSP) concept was used to define the system’s reliability and is defined as 

a deficiency of the energy required by the load in period of time 34. Since it 

can be expressed within terms of the battery charging status, it fits in the 

framework of this study.  LPSP can be calculated from Equation (1) 35 
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Where LPS (t) is the loss of power supply at time t, and Load (t) the load at 
the time t. This represents the probability that the energy load at a specific 
time t would be higher than or equal to the minimum energy the battery 
can deliver at a specific time t.  

3.4 Lithium-ion battery principles 
A lithium-ion cell is a device capable of storing energy electrochemically. 

Generally, the main components are the positive electrode, separator, 

electrolyte, and negative electrode. During the battery charge/discharge 

process, lithium ions are transported from one electrode to the other 

through the separator soaked with electrolyte and, consequently, electrons 

circulate through the external circuit. During the charging process, lithium 

ions are transported from the positive electrode (electrochemically acting 

as an anode) to the negative electrode (electrochemically acting as a 

cathode). Whereas the discharge process would involve transportation of 

lithium ions from the negative electrode (now electrochemically an anode) 

to the positive electrode (now electrochemically a cathode). Various types 

of materials can be used as positive and negative electrodes.  

 
As the cell is operated or cycled, redox reactions take place in both 

electrodes, thus delivering or consuming electrical energy when discharged 

or charged, respectively. Although such reactions are ideally governed by 

the electrochemical potential of both electrodes, the operation of lithium-

ion cells involves several complex phenomena, causing the aging of its 

components.  
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Figure 3. Schematic of lithium-ion battery components and main electrode aging 
modes. 

3.5 Aging of lithium-ion batteries 
Capacity decrease and power fade are observed after cycling of lithium-ion 

batteries. Even the passive storage of a battery can causes these aging 

effects with time. Several processes and their interactions that cause aging 

of the battery are often referred as aging mechanisms. The complexity of 

how such mechanisms interact with each other does not make its 

integrated study obviously meaningful. Hence, if possible, it is preferred to 

focus into specific processes on the main components of the battery. 

Measurable parameters such as conductivity, impedance, and active 

surface area, among others, are affected by chemical and physical 

processes inside the cell independently of whether the batteries are cycled 

or not. The performance of the cell is often described in terms of capacity 

and power fade, measured as discharge capacity and power capability36,37, 

respectively. Depending on the application, different levels of performance 

decrease can be used as the EOL criteria. Although the lifetime of any 

battery depends on its application, in all cases a reliable forecast of its 

performance over its lifetime is critical for design purposes. Only by 

understanding the degradation of the battery components under a specific 

operating condition, it is possible to evaluate how the battery can be 

operated optimally and further improve its performance.  

Two types of aging are commonly acknowledged, cycle- and calendar-

aging. While cycle-aging refers to the degradation of cell components due 
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to the charge and discharge process38–41, calendar-aging refers to 

degradation of cell components during storage42,43. However, some 

calendar-aging features can be recognized when cycling at low current 

rates44 and the resulting degradation can therefore be considered as a 

function of both cycle- and calendar-aging.  In all cases, aging mechanisms 

are responsible for the overall battery degradation. 

3.5.1 Aging mechanisms  
Lithium-ion batteries suffer from aging like many other devices. It is the 

modification of the structural and thermodynamic initial properties that 

causes performance degradation and is considered aging of the battery. 

Although it is impossible to stop the aging process, certainly it can be 

slowed down, either by optimizing operating and environmental 

conditions or by modifying battery component properties. Different aging 

mechanisms and aging rates occur in the components of the battery. There 

are three main aging modes that can summarize the aging process of 

lithium-ion batteries: (1) loss of lithium inventory (LLI), (2) loss of active 

material (LAM) of the positive electrode, and (3) LAM of the negative 

electrode.  

 

The negative electrode, containing Si-G composite as its active material, 

contributes to the overall cell aging mainly due to LLI. The LLI is caused 

by the formation and continuous growth of a passivation layer on the active 

particles surface called solid-electrolyte interphase (SEI). Side reactions 

contribute to the formation of this SEI layer through decomposition of 

electrolyte compounds45,46. The SEI allows the transport of lithium ions 

through its structure, albeit while slowing this process and thus increasing 

the internal impedance of the cell47,48. The resulting overpotentials can 

consequently cause dendrite formation when the cell operates at high 

voltages and relatively high currents49. The second main aging mechanism 

is LAM, which is mainly caused by the degradation of the material 

structure. This can be through structural disorder, particle cracking, 

particle isolation and irreversible phase changes in the crystal structure, 

limiting the availability of intercalation sites to host lithium ions 50–52.  

 

The separator contains the electrolyte that allows the mobility of lithium 

ions from the positive electrode to the negative electrode during charge and 

vice versa during discharge while also preventing the transport of 

electrons. The conventional electrolyte is a mixture of organic solvents and 
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a lithium salt53,54. Such a mixture is relatively unstable at high voltages and 

temperatures, causing unwanted side reactions and formation of 

passivation layers on the surfaces of active particles at both the negative 

and positive electrodes.  

 

The positive electrode, containing by lithium nickel cobalt aluminum oxide 

(NCA) active material, suffers from changes to its structure during 

cycling55–59. The constant cycling causes the crystal structure to 

breakdown; this process is partially mitigated by adding Al and Co to the 

LiNiO2 structure60,61. Another aging process affecting this material is the 

formation of an inactive NiO-like and LiNiO-like phase near the particle 

grain surface62,63. Moreover, when the material forms a lithium-deficient 

cubic structure on the surface, the formation of Li2CO3 is more evident 

and this is enhanced at high temperatures64. 

 

The formation of inactive layers on the NCA particle surfaces causes 

increased interparticle resistance, observed in electrochemical impedance 

spectroscopy (EIS) as charge transfer resistance. This results in fade of 

both power and capacity.  

 

SEI formation on the graphite surface causes permanent consumption of 

lithium ion and results in loss of lithium inventory65. 
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4 Experimental  
 

4.1 Materials 

4.1.1 Full Cell  
The type of lithium-ion batteries studied in this work were 18650 

cylindrical cells with 2.5 Ah nominal capacity. The reported active material 

in the positive electrode is LiAlNiCoO2 (NCA), and the active material in 

the negative electrode is silicon-graphite composite (Si-G). Model and 

manufacturer of the studied cylindrical cells were INR18650-25R and 

Samsung SDI, respectively (see Paper II for more information). 

4.1.2 Electrodes 
Half-cells and symmetric cells were assembled using electrodes harvested 

from the cycle- and calendar-aged cylindrical batteries (Papers II & III). 

Lithium foil was used as counter electrode for half-cells, whereas 

NCA/NCA and Si-G/Si-G were the configurations used for the symmetric 

cells. The separator and electrolyte used in all post-mortem tests was 

Whatman glass-fiber soaked with 1M LiPF6 in 1:1 (by weight) EC/DEC 

electrolyte (LP40, Merck). 

4.2 Lifetime test and characterization of full cells 
Table 1 shows the steps and conditions for the reference performance tests 

(RPT) of cylindrical batteries. Discharge capacity at C/25 was determined 

between 4.20 and 2.50 V, and impedance spectra (by EIS) were measured 

at 3.69 V (50% SOC) and 25°C between frequencies of 1 kHz and 25 mHz. 

Characterization was done approximately every 100 partial cycles for cycle-

aged cells and at the equivalent time for calendar-aged cells. 

4.2.1 Cycle-aging 
To investigate the degradation effects of partial cycling in different SOC 

windows, 18650 cylindrical batteries were cycled following a tailored 

procedure presented in Table 1. Two batteries were cycled for each test to 

assess the reproducibility of the procedure. Approximately 1,000 partial 
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cycles were completed for those cycled between 65-95% SOC, 35-65% SOC, 

and 20-50% SOC and 700 partial cycles were completed for those cycled 

between 20-95% SOC before reaching the end of test (EOT). The cycling 

procedure was designed considering the results from Paper I. 

4.2.2 Calendar-aging 
Additionally, two batteries were stored in a climate chamber at 25°C and 

50% SOC for the total duration of the cycling tests. These batteries were 

used a non-cycled reference for further comparison with the cycle-aged 

cells. 

4.2.3 Reference performance tests 
To evaluate the performance of batteries after certain periods of operation, 

RPT were performed every 100 cycles for the cycle-aged batteries and every 

month for the calendar-aged ones. The parameters of the RPT are 

described in Table 2, which include discharge capacity retention 

determination and EIS to evaluate cell impedance.  

 
Table 1. Overview of customized aging protocols 

Aging case Step Parameters Termination 

65 – 95 

ΔSOC% 

1) Charge CCCV I = 280 mA       
V = 4.20 V 

t > 60 min or I < 
125 mA 

2) Discharge CC I = -320 mA V = 3.85 V 
3) Rest  t > 120 min 

35 – 65 
ΔSOC% 

1) Charge CCCV I = 280 mA       
V = 3.85 V 

t > 60 min or I < 
0.01A 

2) Discharge CC I = -320 mA V = 3.60 V 
3) Rest   t > 120 min 

20 – 50 
ΔSOC% 

1) Charge CCCV I = 280 mA       
V = 3.69 V 

t > 60 min or I < 
0.01A 

2) Discharge CC I = -320 mA V = 3.47 V 
3) Rest   t > 120 min 

20 – 95 
ΔSOC% 

1) Charge CCCV I = 280 mA        
V = 4.10 V 

t > 60 min or I < 
0.01A 

2) Discharge CC I = -320 mA V = 3.47 V 
3) Rest   t > 120 min 
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Table 2. Overview of the reference performance test parameters 
Technique Step Parameters Termination 
Discharge 

capacity  

1) CCCV-charge I = 1.25 A              
V = 4.20 V 

t > 60 min or I 
< 125 mA 

2) Rest  t = 30 min 
3) CC Discharge  I = -106 mA V = 2.50 V 

EIS  1) Charge CCCV I = 1.25 A     V 
= 4.20V 

t > 60 min or I 
< 125 mA 

2) Rest  t = 30 min 
3) CC Discharge  I = -500 mA V = 3.69 V 
4) Rest  t = 180 min 
5) EIS 

(galvanostatic) 
I = 100 mA 
fini = 1 kHz 
fend = 25 mHz 
T = 25 °C 

 

4.2.4 EIS of full cells 
EIS was used to evaluate the impedance of cylindrical batteries during the 

aging process (Paper II) and of individual electrodes at EOT (Paper III). 

 

To obtain accurate and noise-free measurements from the EIS test on 

commercial batteries, special considerations were taken regarding the 

holder and electrical connections. Due to the relatively low impedance of 

this type of battery, EIS measurements can be affected by the noise 

generated from current flowing in the cables and connections to the holder. 

This phenomenon is known as mutual inductance, and results from the 

magnetic field produced by the current in the current-carrying cables 

which perturbs the sensing cables. To prevent this effect, a four-point 

connection set-up was used, and high frequencies were avoided (>1kHz).  

4.3 Electrode harvesting and characterization 
In-depth analysis of the electrodes was possible by first harvesting them 

from the previously aged cylindrical batteries. The batteries are 

disassembled in an argon-filled glove box, taking care not to short circuit 

them in the process. Positive and negative electrode sheets are then 

separated from the polymeric separator. With further caution, a 20 cm long 

section, 30 cm away from the inner edge of each electrode, is cut. Since the 

electrode sheet is coated on both sides with active material, it is necessary 

to remove one side to be able to punch a circular sample with only the 

current collector and single side of electrode coating. This spot was 

removed using N-metil-2-pirrolidona (NMP) solvent and cotton swabs, 
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avoiding any contact of the solvent with the opposite side. Extra effort and 

time were necessary when processing the Si-G electrode since the binder 

appeared to be poorly soluble in NMP.  

 

After removing one side of each positive and negative electrode, a 2.8 cm 

diameter disk was punched and rinsed in dimethyl carbonate solvent for 

30 seconds to dissolve any remaining electrolyte salts from the sample 

surface. 

 

Each harvested electrode was assembled into a pouch cell using lithium 

metal foil as counter electrode and Whatman glass-fiber as separator 

soaked with 1M LiPF6 in 1:1 EC/DEC electrolyte (LP40, Merck). 

4.3.1 Ultra-low c-rate coulomb counting  
Using the in-house ultra-low coulombmeter from Applied 

Electrochemistry at KTH, the assembled half-cells were conditioned to 

obtain the voltage vs. capacity curves of intercalation and deintercalation 

processes for positive and negative electrodes, respectively. A constant 

current of C/54 was applied between 4.3 V and 3.0 V for the positive and 2 

mV to 1.5 V for the negative electrode. 

4.3.2 EIS of symmetric cells 
To determine the impedance spectra, each half cell was conditioned using 

a CCCV protocol to a voltage corresponding to 50% SOC of the full cell. 

After reaching 50% SOC, the half cells were disassembled, and the working 

electrode recovered. Two disks of 1.2 cm diameter each were punched from 

the recovered electrode and assembled into a symmetric cell for EIS 

characterization. NCA/NCA and Si-G/Si-G symmetric cells were 

assembled using fresh electrolyte and separator. Symmetric cells were 

conditioned at 25 ⁰C in a climate chamber and a Gamry PCI/750 

galvanostat/potentiostat was used to perform the measurements. A 

perturbation signal of 5 mV rms was used in a frequency range between 

100 kHz and 5 mHz. 

4.3.3 Differential Voltage Analysis 
Rated capacity measurements were obtained using for cylindrical cells and 

individual electrodes as part of the characterization procedures. Using the 

obtained voltage versus capacity data, differential voltage analysis (DVA) 

was performed. Differential voltage (dV/dQ vs Q) is used to easily identify 
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the signature left by the electrode phase changes as changes in rate-

variation of voltage during a constant current charge or discharge 

process66–68. Considering Equation (2), the voltage of the full cell can be 

calculated by subtracting the negative electrode potential from the positive, 

all of which are functions of the cell capacity.  

𝑉𝑐𝑒𝑙𝑙(𝑄𝑐𝑒𝑙𝑙) = 𝑉𝑝𝑜𝑠(𝑄𝑝𝑜𝑠) − 𝑉𝑛𝑒𝑔(𝑄𝑛𝑒𝑔) (2) 

Electrode shift can be described as mismatch of individual electrode 

capacities with the full cell capacity. This can be described as a shift of the 

individual electrode (de)lithiation curve along the Q-axis (Fig. 4). 

Equations (3) and (4) describe the slippage δ [Ah] of the positive and 

negative electrode, respectively. 

𝑄𝑝𝑜𝑠 = 𝑄𝑐𝑒𝑙𝑙 − 𝛿𝑝𝑜𝑠 (3) 

𝑄𝑛𝑒𝑔 = 𝑄𝑐𝑒𝑙𝑙 − 𝛿𝑛𝑒𝑔 (4) 

Therefore, half cells were assembled to measure the (de)lithiation curves 

for each electrode and fit them to the corresponding full cell curves. 

Moreover, a scale-up factor is needed as is described by equations (5) and 

(6): 

𝑄𝑝𝑜𝑠 = 𝑠𝑝𝑜𝑠 ∗ 𝑞𝑝𝑜𝑠 (5) 

𝑄𝑛𝑒𝑔 = 𝑠𝑛𝑒𝑔 ∗ 𝑞𝑛𝑒𝑔 (6) 

Where q signifies the individual half-cell electrode capacity, s is the scale-

up factor, which is equal to the active material mass, and neg and pos 

subscripts refer to the negative and positive electrodes, respectively. 

 

By combining equations (5) and (6) with a voltage fitting procedure, DVA 

can determine the capacity slippage of the electrodes at the full-cell level 

for the cylindrical battery. After measuring the discharge capacity of the 

cylindrical battery, it can be used as reference to scale-up and fit the 

individual electrode capacity curves. The scale-up and fitting procedure 

consists of multiplying the specific capacity of each electrode (in Ah/g) by 
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the appropriate electrode mass and adding or subtracting the appropriate 

electrode slippage (in Ah) so that Equation (7) fits the full cell data. 

 

𝑉𝑐𝑒𝑙𝑙(𝑄𝑐𝑒𝑙𝑙) = 𝑉𝑝𝑜𝑠 (
𝑄𝑐𝑒𝑙𝑙−𝛿𝑝𝑜𝑠

𝑠𝑝𝑜𝑠
) − 𝑉𝑛𝑒𝑔 (

𝑄𝑐𝑒𝑙𝑙−𝛿𝑛𝑒𝑔

𝑠𝑛𝑒𝑔
) (7) 

 
Fig. 4 illustrates the voltage fitting procedure and the resulting curves and 
parameters. 
 

 
Figure 4. Full cell discharge voltage and fit using scaled half cell curves. 

4.4 Mathematical model for PV-battery system- 
software 

The mathematical simulation of the PV-battery systems was performed 

using opti-CE open-source software, and Matlab ®. Genetic algorithm 

(GA) was used for the multi-objective optimization (Papers I and IV). The 

modeling and fitting of EIS experimental data were done using COMSOL 

® (Paper III).   

4.5 Mathematical model for EIS in symmetric cells 
A physics-based impedance model was used to parametrize data obtained 

from experimental testing. Based on the pseudo 2-dimentional  odel, 

equations were modified to account for impedance responses and further 

developed to consider local distributions of electrode particle properties 69. 

Concentrated solution theory was used to describe ion transport through 

the liquid electrolyte in the separator and porous media of the electrodes. 
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The diffusion process in particles was described using Fick’s second law in 

the so-called pseudo level. The Butler-Volmer equation was used to 

describe the charge transfer process. An extensive in-depth description of 

the physics-model can be found in Paper III.  
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5 Results and discussion  

5.1 Off-grid PV-battery system operation 
To evaluate the effect of suppressed demand (SD) on the performance of 

the PV-battery system, it was necessary to first calculate the input and 

output values of energy during the operating time of the system. Moreover, 

an optimization procedure was applied with the loss of power supply 

probability (LPSP) as objective function and photovoltaic (PV) module 

power and battery capacity as response variables. 

5.1.1 Electricity demand calculation 
Rural communities from the Altiplano region in Bolivia that are already 

connected to the grid were surveyed to gain insights of their electricity 

consumption. Three main applications were identified, namely a 

household, school, and health center. After interviews and visits to 

multiple users, the type and number of electrical appliances were 

identified; Table 3 presents the values used to calculate the daily demand 

of electricity for the three applications. Although there are variations 

among users in electricity consumption, it is possible to estimate artificial 

load profiles by including stochastic factors to the baseline profile. This 

method, known as a bottom-up model is further described in 70,71.  

 

The stochastic factors include time-to-time variation, daily variation, and 

seasonal variation for the household case.  
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Table 3, User power consumption 
Application Appliances Power (W) 

[1] 
Quantity 
[2] 

Hrs./day  
[3] 

Total 
power 
(W) 
[1x2] 

Wh/day 
  
 
[1x2x3] 

Household 

Compact 
Fluorescent Lamp 

11 3 5 33 165 

TV 90 1 4 90 360 

Radio 20 1 4 20 80 

Phone Charger 10 2 3 20 60 

School 

Compact 
Fluorescent Lamp 

11 4 4 44 176 

TV 90 2 4 180 720 

Computer 180 1 4 180 520 

DVD player 10 1 4 10 40 

Health 
centre 

Compact 
Fluorescent lamp 

11 4 8 180 1,440 

Computer 
180 1 8 44 352 

Refrigerator 
130 1 24 130 3,120 

 
Fig. 5 depicts the hourly profiles of power demand for a year-long period 

for the three applications. The household profile includes the influence of 

the seasons, hence a noticeable increase in power for the winter period 

from May to August is observed. The school profile presents a uniform 

profile with intermittency on weekends, where the amount of power 

consumed is reduced considerably. Finally, the health center profile is 

solely affected by the stochasticity of the model with no influence of 

seasonal nor weekend intermittence. 
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Figure 5. Electrical load profiles for a household (red), school (yellow) and health 
center (green) in a rural community in Bolivia 

5.1.2 PV-battery system modelling 
Energy inputs from the PV module and energy outputs to the demand load 

were obtained through simulation for one year of operation with hourly 

resolution. An energy storage device was used to feed the load with energy 

stored from the PV module. The PV energy output was calculated using a 

single-diode model, based on the solar irradiance profile and PV panel 

power 72. The relationship between the voltage and the current generated 

by the photoelectric effect in the solar panel can be calculated using 

Equation (8). 

 

𝐼𝑃𝑉 = 𝐼𝑃𝐻 − 𝐼0 [𝑒
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑎 − 1] −
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑅𝑠ℎ
  (8) 

 

Where Iph is the photocurrent (A), Io is the diode reverse saturation current 

(A), a is the ideality factor (V), and Rsh is the shunt resistance (ohm). Along 

with the I-V curve calculation, the maximum power point tracking 

technique was used to maximize power extraction under the established 

conditions. Fig. 6 shows the total solar irradiance flux calculated using the 

described PV model and the power output of a 100W PV module. 
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Figure 6. a) Total solar irradiance for a typical year in Patacamaya, b) power 
output of a 100W PV module for that location (calc. from eq 8). 

 
The battery state of charge (SOC) was calculated by performing an energy 

balance on the system. The energy stored during charge and delivered 

during discharge was calculated using Equations (9) and (10). 

 

𝑃𝑏𝑎𝑡(𝑡) = 𝑃𝑏𝑎𝑡(𝑡 − 1)(𝑡 − 𝜎) + (𝑃𝑃𝑉(𝑡) −
𝑃𝑙(𝑡)

𝜂𝑖
) 𝜂𝑏 (9) 

 

𝑃𝑏𝑎𝑡(𝑡) = 𝑃𝑏𝑎𝑡(𝑡 − 1)(𝑡 − 𝜎) − (
𝑃𝑃𝑉(𝑡)

𝜂𝑖
− 𝑃𝑙(𝑡)) (10) 

 
Where Pbat(t-1) and Pbat(t) are the energy value of the before and after the 

interval t, respectively, Pl(t) is the load demand at time t, PPV(t) is the 

energy generated by the PV module at time t, σ is the self-discharge factor, 

and ηi, ηb represent the battery inverter and charging efficiencies, 

respectively. 

 

Given the environmental specifics of the geographic location and the load 

of the three evaluated applications, the SOC profile of the battery was 

calculated and analyzed. 

5.1.3 Optimized PV module and battery sizing 
Using the yearly data from the PV power input and load output, a genetic 

algorithm optimization procedure was used to calculate the optimal sizes 

of the PV module and battery, with the initial cost of the system and the 
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LPSP as objective functions. The summary of the optimized sizes for PV 

module (power) and battery (energy) for an LPSP value of 2% and 

considering 50% of SD effect are presented in Table 4. 

 
Table 4. PV module and battery sizes 

Case PV module size (W) Battery size (Wh) 
Household 250 1200 
School 640 1800 
Health center 2400 4800 

5.1.4 Battery SOC profiles for a household, health center and 
school after SD increment. 

Battery operation SOC profiles were calculated using the optimized values 

for PV module power and battery energy for each application. Additionally, 

the effect of SD increments was studied on the resulting year-long SOC 

profiles and the number of hours with loss of power was calculated by loss 

of power supply probability (LPSP). 

Household 
Fig. 7 shows the influence of SD on the SOC profile for the household case. 

When the system is designed to meet the power demand with no account 

for SD, the battery state of charge window (∆SOC) remains between 50 and 

100% and the power demand is always satisfied (Fig. 7-a). After applying 

an SD effect of 20% over the initial load, the ∆SOC becomes wider and at 

some points the lower limit of 20% SOC is reached, thus the energy supply 

is interrupted. Finally, by increasing SD to 50% over the initial load, the 

∆SOC becomes even wider. During the winter period, the number of hours 

with possible loss of power increases considerably, although not 

surpassing the LPSP limit of 2%.  
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Figure 7. Yearly SOC profiles for the household case with SD of a) 0%, b) 20%, 
and c) 50%. 

 
By including the SD over the initial load, the ∆SOC at which the battery is 

cycled is affected. As SD increases, the ∆SOC range at which the battery 

operates becomes wider. The changes in the load profile caused by the 

seasonal effect, often results in a fully discharged battery during the winter 

period. Moreover, this also causes the battery to operate less hours at high 

SOC, as observed in Figure 7-c.  

School 
Fig. 8 shows the influence of SD on the SOC profile for the school case.  

Unlike the household case, the school case does not include the influence 

of the seasons on the load profile. It is however, clearly affected by seasonal 

variations in PV power output. When SD is not considered, the ∆SOC 

remains narrow but the system operates at high SOC. An increment of 20% 

in SD over the initial load slightly increases the ∆SOC and the system 

remains at high SOC. However, at this level of SD the influence of the 

seasons starts to become visible, particularly for the winter period. Finally, 

a 50% increase in SD seems to have little influence on the ∆SOC but the 

number of hours with loss of power increases, particularly for the winter 

period. 
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Figure 8. Yearly SOC profiles for the school case with SD of a) 0%, b) 20%, and c) 
50%. 

 
Although the operating ∆SOC remains at high SOC, which means the 

battery is always charged, small changes in the PV power output cause 

large SOC drops. This is observed when the drop in PV power output does 

not match with a weekend, when the battery is fully recharged, resulting in 

hours with loss of power. Furthermore, seasonal variations seem to 

enhance this behavior as the SD increases. Although weekend breaks keep 

the battery fully charged, the combination of PV and battery in this 

application does not seem highly robust. 

Health center 
Fig. 9 shows the influence of SD on the SOC profile for the health center 

application.  Except for a few sudden drops caused by the low PV power 

input, the ∆SOC remains homogeneous over the year period. The effect of 

SD increase on the SOC profiles is observed by the ∆SOC widening but no 

visible influence of the season from the PV power input is observed. 
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Figure 9. Yearly SOC profiles for the health center case with SD of a) 0%, b) 20%, 
and c) 50%. 

5.2 Battery aging protocol for off-grid PV-battery 
systems 

In order to understand what causes aging on batteries under off-grid PV-

battery system operation, four cycling procedures were designed. As 

depicted in Fig.10, different cut-off voltages were set to cover four 

operating ∆SOC, three with 30% ∆SOC and one with 75% ∆SOC. 
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Figure 10. Four ∆SOC operating windows showing the applied cut-off voltages.   

5.2.1 Capacity fade and impedance increase 
Capacity variation was monitored through reference performance tests 

(RPT) (see Table 2), Fig. 11 depicts the decrease of capacity relative to its 

initial value at beginning of life (BOL) as a function of the number of 

equivalent full cycles. The discharge capacity measured at end of test (EOT) 

was different for each battery, meaning that different aging mechanisms 

were taking place at various rates and intensities. By comparing the 

capacity measured at EOT with the capacity measured at BOL we 

determine the total amount of capacity lost. However, capacity loss is a 

product of various aging mechanisms, namely loss of active material, loss 

of lithium inventory, and impedance increase39. 

 

From Fig. 11 we can observe that the battery with greatest capacity fade is 

not necessarily the one with the most cycles, but the one cycling with high 

cut-off voltages and 30% ∆SOC range. On the contrary, batteries cycled 

with moderate and low cut-off voltages present the least capacity fade 

among the others. Finally, the battery with the most cycles was also cycled 

with high cut-off voltages but in a 75% ∆SOC range and showed 

considerable capacity fade.  
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Capacity fade is not just related to the loss of active material or lithium 

inventory. It can also be a product of the increase of internal resistance 

during operation. 

 

 
Figure 11. Relative discharge capacity as function of the number of equivalent full 
cycles. 

 
To measure the increase of internal resistance as the impedance of each 

battery, electrochemical impedance spectroscopy (EIS) tests were 

performed at EOT and are presented in Fig. 12. A clear correlation of 

impedance increases with high cut-off voltages is observed. However, cells 

cycled at 30% ∆SOC ranges show slightly lower impedance than cells 

cycled in the 75% ∆SOC range. Batteries cycled with low and moderate cut-

off voltages developed similar impedances to the calendar-aged cell.  
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Figure 12. Impedance spectra of full-cells at the end of test for the four cycle-aged 
cells and calendar-aged cell as reference. 

5.3 Post-mortem analysis 
Contrary to thinking that the batteries were alive before post-mortem 

analysis, this term refers to the characterization step in which electrodes 

are harvested from disassembled cylindrical cells and thus no longer 

functional. To perform this in-depth analysis, electrochemical and 

structural characterization techniques are used. 

5.3.1 Differential voltage analysis 
Intercalation (or deintercalation) of lithium ions into (from) the host 

material structure causes a change in the cell potential. Positive active 

materials and negative active materials present different types of 

intercalation processes. Intercalation in the graphite happens with very 

small changes of potential in the regions of pseudo-phase equilibria and 

sudden, larger changes in regions of phase transition 73. Differential 

voltage analysis (DVA) is a technique that enhances and helps to identify 

such voltage signatures and relate them with structural and 

electrochemical changes. 

Si-Graphite 
Fig. 13 shows the ultra-low C-rate discharge curve for each Si-G electrode 

out of the four cases studied, with electrodes harvested from cycle-aged 

cells (bold lines) and plus one from a calendar-aged cell as reference 

(dashed lines). Additionally, DVA curves are shown depicting the peaks of 

phase transitions characteristic of the Si-G material66,74,75. From Fig. 13, the 
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effect of cycling at partial SOC ranges on the battery performance can be 

observed. A clear shift along the x-axis is observed for the cycled electrodes 

relative to the calendar-aged one. To identify the effects of cycling at 

different SOC ranges, a calendar-aged cell was used as reference. Cells 

cycled with high cut-off voltages of 4.10V (cells A and D) present a 

considerably larger shift of peaks to the left than cells cycled at moderate 

and low cut-off voltages (cells B and D), 3.85V and 3.69V respectively. 

Although the peak shifting is similar for the cells cycled with high cut-off 

voltages, the ∆SOC ranges in which they were cycled result in different 

aging effects. For the cell cycled in 30% ∆SOC and 3.85V to 4.10V, no 

evidence of electrode slippage is observed (Fig. 13-a), whereas for the cell 

cycled over 75% ∆SOC and 3.47V to 4.10V, there is an observable slippage 

when compared with the calendar-aged electrode. Electrode slippage is 

commonly related to loss of lithium inventory located in the graphite43. 

Capacity vs. voltage data extracted from the deintercalation curve was used 

to calculate the amount of loss of active material. By comparing the 

measured capacity at EOT with the capacity of the calendar-aged cell, it is 

possible to estimate the amount of capacity lost due to cycling.    
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Figure 13. Deintercalation curves (C/54) and respective differential voltage curves 
of Si-G/lithium half-cells, harvested from cells A (a), B (b), C (c), and D (d) and 
calendar-aged for comparison (black dashed line). 
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NCA 
The aging story of the NCA electrode is similar to that of the Si-G but with 

slight modifications to the script. Intercalation in the NCA particle is 

similar to the process observed in layered compounds where the variation 

of the lithium ion concentration will leave an observable signature in the 

voltage profile76. Fig. 14 shows that peak-shift follows a similar trend to the 

Si-G electrode. For cells cycled with low and moderate cut-off voltages, 

3.69V and 3.85V respectively, capacity fade due to loss of active material 

(LAM) was around 2% relative to the calendar-aged cell. For cells cycled 

with high cut-off voltages, 4.10V, the LAM was between 7% and 5% relative 

to the calendar-aged cell. 

 



Results and discussion - 33 
 

 
Figure 14. Intercalation equivalent curves (C/54) and respective differential 
voltage curves of NCA/lithium half-cells, harvested from cells A (a), B (b), C (c), 
and D (d) and calendar-aged for comparison (black dashed line). 



Results and discussion - 34 
 

5.3.2 Electrochemical impedance spectroscopy, experimental and 
modeling 

Complementary to DVA, we use EIS to measure frequency-dependent 

electrode impedances. This technique helps to identify time constants 

corresponding to electrochemical processes and their contributions to the 

overall electrode impedance. The EIS technique is widely used to 

investigate mechanisms of electrochemical reactions, active and passive 

surface properties, and the transport properties of porous materials, 

among other purposes 77,78. An equivalent circuit model approach has been 

used by numerous authors and industry due to its mathematical 

simplicity79–81. In this work, to gain deep insight into the aging-related 

electrochemical processes, a physics-based mathematical model was used. 

EIS experimental data was parametrized for a physics-based 

electrochemical model originally developed by Newman and coworkers69, 

modified to account for the impedance response to the frequency domain. 

Si-Graphite 
Fig.15 shows the Nyquist plots for the EIS measurements obtained from 

Si-G symmetric cells (colored circles) and the obtained curves as result of 

the proposed physics-based model (continuous lines). As observed, the 

model results can be fit to the experimental data with high accuracy. 

Insights of the physical-electrochemical processes involved, and the 

physics-based model itself are described in detail in Paper III. Moreover, a 

distribution of properties was implemented in the model to obtain a better 

fitting and more accurate parameters. After parametrization of the model, 

lower values for the current exchange density and diffusion coefficient 

were observed for cell D; we suspect degradation of the surface properties 

of the Si-G material. Active surface area reduction is directly related to the 

low observed values of current exchange density. Particle isolation, along 

with degradation of the electronically conductive carbon additives, may 

also contribute. This is observed in Fig. 17-i, where the scanning electron 

microscope (SEM) images show large number of cracks were identified in 

both the graphite and silicon structures. Small impedance contributions 

from the surface film resistance values for cell A are observed, this is in 

agreement with the results of loss of lithium inventory (LLI) observed from 

DVA for this case. Cells B and C have similar behavior for the mentioned 

parameters. 
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Figure 15. Experimental and simulated Nyquist plots for symmetric cells made 
with Si-G/ Si-G electrodes. 

NCA 
From Fig. 16, a small semicircle is observed at high frequencies (100kHz) 

and is suspected to be caused by contact resistance or current collector 

resistance. Also, manipulation during electrode harvesting and cell 

assembly can be accountable for the development of the mentioned 

semicircle. In the moderate frequency range (10Hz), a characteristic 

semicircle is observed, caused by the kinetics and transport processes. 

Finally, a rather small low frequency tail is observed for all cases.   

 

 
Figure 16. Experimental and simulated Nyquist plots for symmetric cells made 
with NCA/NCA electrodes. 
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The parameters obtained from the model are evaluated for each case. Both 

the exchange current density and diffusion coefficient present similar 

values in all the cases; the intrinsic intercalation kinetic properties remain 

invariant regardless of whether they are cycled or not. Cells A and D 

present high values of surface film resistance and tortuosity; this can be 

caused by formation of a passivation layer on the active material surface 

and due to particle cracking. Fig. 17 a-d shows evidence of consistent and 

abundant particle cracking on the observed particle clusters for cells A and 

D. Formation of rock-salt-like compounds on the surface of the active NCA 

particles can cause resistance increase. This, along with particle cracking 

and isolation from the conductive additive, leads to a decrease of the 

electronic contact82–84. Additional evidence of particle cracking is seen in 

the increased value of tortuosity for cells A and D, compared with cells B, 

C, and calendar-aged. Particle cracking happens on secondary particles 

that isolate and crack apart from the primary particle. Cells B and C show 

good agglomeration of secondary particles, as observed from Fig. 17 b-c. 
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Figure 17. SEM images of NCA (a-e) and Si-G (f-j) electrodes: (a, f) Cell A, (b, g) 
Cell B, (c, h) Cell C, (d, i) Cell D, and (e, j) Calendar-aged. 
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5.4 Operation optimization of PV-battery systems 
After an in-depth look into the causes and mechanisms of capacity loss and 

impedance increase, Papers II and III, it is possible to estimate the cycle 

life of the studied cells aged under the described conditions. An estimation 

of the battery lifetime can complete valuable input to the optimization 

procedure proposed in Paper I and helps to understand how different 

battery operation strategies will affect the reliability and cost of the PV-

battery system.  

5.4.1 Battery lifetime estimation 
Estimation of battery lifetime was based on experimental capacity 

retention from four cycling scenarios with different conditions. Capacity 

retention was used as an aging indicator due to its direct relation with the 

ability of the system to meet energy demands. Equation (11) was used to 

calculate the capacity loss by considering the total charge throughput 

during the test and its temperature in an Arrhenius-like function 85.  

 

𝑄
𝑙𝑜𝑠𝑡

= 𝑎 ∙ 𝑒
𝑏

𝑅𝑇 ∙ 𝑄
𝑡𝑜𝑡𝑎𝑙

𝑐 (11) 

 
As a result, a fitted function was obtained and further extrapolated to 

forecast the end of life of (EOL) the battery when 80% of its initial capacity 

is only available for its normal operation, see Fig. 18.  
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Figure 18. Lifetime estimation of the 18650-cells from Paper II (nominal capacity 
2.5 Ah) based on capacity retention 

 
From Fig. 18 we can predict the amount of capacity throughput each cell 

will deliver before reaching EOL. Cells A, B, and C have a restriction on 

∆SOC range to only 30% but with different cut-off voltages. We can observe 

how the change in cut-off voltages impacts the capacity throughput 

delivered before EOL. Cell D has a 75% ∆SOC range restriction; hence 

larger capacity throughput before EOL is observed. However, when 

converting the obtained capacity throughput to time by assuming 1 cycle 

per day, we can obtain the values listed in Table 5.  

 

Table 5 
Case Total capacity 

throughput before 
EOL (Ah) 

Operation time before 
EOL (Years) 

Case A 1496 5.46 
Case B 3070 11.21 
Case C 2684 9.80 
Case D 5695 8.91  

 
As observed in Table 5, cells B and C present longer lifetimes before EOL, 

which beneficially reduce the frequency of battery replacement. However, 
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even though cell D presents shorter lifetime before EOL, the delivered 

capacity throughput will impact the reliability of the system and reduce the 

initial cost.  

5.4.2 The influence of battery lifetime and suppressed demand in 
the life cycle cost of the system 

Three locations were studied, the La Paz (LPZ) region at 3,650 meters 

above the sea level (MSL), the Cochabamba (CBBA) region at 2600 MSL, 

and the Santa Cruz (SCZ) region at 416 MSL. These three regions are 

representative of most of the country, covering more than half of the total 

population and geographically representing regions with the characteristic 

solar irradiance in Bolivia. After the selection of locations, applications 

were picked considering the priority of electricity access in a rural village 

with limited or no access to the basic service. Moreover, three SD scenarios 

were considered: o% as no increment in demand, 20% increment in 

demand, and 50% increment in demand. These scenarios help us to 

understand the consequences of oversizing the system and considering the 

wellbeing and lifestyle development of the studied applications 33,86. The 

three applications we have chosen are: Health center, school, and 

household. Each comes with a customized load profile, which was 

generated and presented in Paper I. Paper IV presents an optimization 

procedure in a similar fashion as in Paper I but includes the variables of 

battery lifetime and life cycle costs (LCC). The results can be summarized 

by application as follows. 

 
Fig. 19, shows the interaction of LCC vs LPSP for four battery operation 

strategies and three SD cases 0% (red), 20% (green), and 50% (blue) for 

the Health Center application. The blue semi-transparent plane indicates 

the 2% limit for LPSP and the black dots help to observe the influence of 

SD on LCC at 2% LPSP. The 75% ∆SOC interval (20-95%SOC) results in 

lower LCCs for all locations. However, the Cochabamba location presents 

a significantly larger spread of LCC values among SD cases, where the 

interval at 30% ∆SOC (65-95%) shows the largest LCC variation. By 

observing the LCC values as a function of SD we can notice the sensitivity 

at the Cochabamba location to SD increment; this can be linked to the solar 

irradiance profile for that region. 

 

Similar to the previous case, Fig. 20 shows the LCC dependencies for the 

School application. Observed LCC values for the Santa Cruz location are 
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higher and less clustered than the La Paz and Cochabamba locations. 

Likewise, La Paz presents lower LCC values due to the higher irradiance 

levels. Also, the La Paz location shows more clustered LCC values as 

functions of SD increment. 

 
Finally, Fig 21 shows the LCC results for the Household application in each 

location. Larger LCC values are observed for the Santa Cruz location. 

However, the 75% ∆SOC (20-95%SOC) results in lower LCCs for all 

locations. Moreover, LCC values are less clustered by SD increment, with 

the high 30% ∆SOC (65-95%) case being the least clustered. Less-clustered 

LCC values show higher sensitivity to SD increments; this can be linked to 

the annual solar irradiance. 
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Figure 19. Pareto fronts of the Health Center application for LCC vs LPSP and 
four SOC ranges of battery cycling. Suppressed demand variation from 0% (red), 
20% (green), and 50% (blue). Locations: a) La Paz, b) Cochabamba, and c) Santa 
Cruz. 
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Figure 20. Pareto fronts of the School application for LCC vs LPSP and four SOC 
ranges of battery cycling. Suppressed demand variation from 0% (red), 20% 
(green), and 50% (blue). Locations: a) La Paz, b) Cochabamba, and c) Santa Cruz. 
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Figure 21. Pareto fronts of the Household application of LCC vs LPSP and four 
SOC ranges of battery cycling. Suppressed demand variation from 0% (red), 20% 
(green), and 50% (blue). Locations: a) La Paz, b) Cochabamba, and c) Santa Cruz.  
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6 Conclusions  
The aim of this thesis has been the study of lithium-ion battery aging and 

its impact, along with the suppressed demand effect (SD), on the cost and 

reliability of off-grid PV-battery systems located in rural areas of Bolivia. 

Operation strategies and patterns were estimated and tested on 

commercial cells at lab-scale. Electrochemical and structural 

characterization techniques were applied to study the aging mechanisms 

for an NCA/Si-G commercial cell. Finally, an economic study was 

performed about the effect of different operation strategies and battery 

lifetime on the life cycle cost (LCC) of PV-battery systems. 

 
During the development of the thesis, observations and findings were 

gathered. When studying off-grid PV-systems it was found that the 

consumption profile on the user side is of utmost importance to selecting 

an optimal system design. This finding comes from the strong connection 

between the operational battery state of charge (SOC) profile and the 

reliability of the system, measured as loss of power supply probability 

(LPSP). More uniform user load profiles result in wider cycles in the SOC 

profile, and thus optimal LCCs over time. Additionally, the effect of SD on 

the reliability of the system was analyzed. It was found that when 

considering the SD increase, the battery SOC profile will shift towards 

operating at 75% state of charge window (∆SOC), thus compromising the 

reliability. Although supplying larger capacity throughputs, wider 

operating ∆SOC reduce the lifetime of the battery, specially when including 

high cut-off voltage operations.  

 
One precondition of this work was that the battery be oversized to 3 times 

the daily consumption, giving the opportunity for operation under 

different ∆SOCs. Therefore, a variety of SOC ranges were studied 

experimentally. Battery performance was tested during operation with 

these ∆SOCs, revealing different aging trends. Cells tested using a high cut-

off voltage and 30% ∆SOC resulted in an almost 9% decrease of capacity. 

On the other hand, cells tested using a high cut-off voltage and 75% ∆SOC 

presented a 7.2% decrease of capacity. Finally, cells tested using moderate 

and low cut-off voltages and a 30% ∆SOC showed 5.9% and 6.7% decreases 

in capacity, respectively.  

 
Among the aging mechanisms identified, loss of active material (LAM) was 

the most prominent when testing at high cut-off voltages and both 75% and 



Conclusions - 46 
 

30% ∆SOC. By means of differential voltage analysis (DVA), LAM was 

linked to both capacity degradation and impedance increase, mainly of the 

NCA electrode.  

 
By scaling up (de)intercalation curves from half-cells to full-cell scale, loss 

of lithium inventory (LLI) was estimated. The Si-G electrode was most 

affected by LLI due to electrode unbalancing, causing a loss of capacity in 

cells tested using a 75% ∆SOC. 

 
Further electrochemical impedance spectroscopy (EIS) tests showed good 

agreement with the results from DVA, thus linking the impedance growth 

to LAM at the NCA electrode. Increase of local film resistance and 

tortuosity were observed for cells cycled in both 75% and 30% ∆SOC and 

with high cut-off voltage. Particle cracking and surface micro-cracks have 

also been observed at the NCA electrode and are linked to impedance 

increase. 

 
Using the results of capacity retention for different ∆SOC ranges and cut-

off voltages, a life cycle cost (LCC) and reliability optimization analysis was 

performed. In this analysis, the cost and reliability were optimized as 

objective functions. While the SD increase, location solar irradiance 

profiles, application load profiles, and battery lifetime were the input 

variables. Low solar irradiation was found to be the main reason for high 

LCC system values. The combination of high solar irradiation and a 75% 

∆SOC resulted in the optimal LCC and LPSP despite faster battery 

performance decay due to the use of high cut-off voltage during operation. 

It was found that SD increases the likelihood of accelerated aging of the 

battery by widening the operating ∆SOC. This is more evident for cases 

where a seasonal effect is considered in the solar irradiance profile.  
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7 Outlook and future work 
This thesis explores the development of tests intended for batteries 

allocated to small, off-grid PV systems considering partial SOC window 

cycling. However, only two cells were used for each test with the aim to 

obtain reliable data from the averaged values from the RPT. For more 

robust statistical analysis of the capacity degradation and impedance 

increase, a larger representative number of cells would be preferred. The 

RPT used during the life cycle tests and the calendar test involves EIS for 

the impedance evaluation, which is time consuming. As an alternative for 

internal resistance evaluation, hybrid power pulse current test is faster and 

can be easily done at different SOC. 

 

During the RPT for capacity characterization, an increase of capacity was 

observed among the last 3 characterization points. A further investigation 

of the capacity recovery needs to be carried out to determine the reason for 

this behavior. 

 

The goal of the tests was to observe the behavior of capacity degradation 

and impedance increase of cells operating under partial SOC windows and 

various cut-off voltages. The cells were charged using a constant current 

and constant voltage protocol, while discharged using only a constant 

current protocol. Consequently, a good continuation would be to 

investigate the performance while using constant power for both charge 

and discharge. Constant power is obtained by changing the current while 

monitoring the voltage of the cell; in this way it is expected to experience 

higher currents at the very end of the discharge step and low currents at 

the end of the charge process. This can be somewhat beneficial for the 

health of the cell due to the low currents at the end of the charge process, 

where most electrolyte oxidation occurs due to high positive electrode 

potentials. 

  

Although the characterization of the electrodes gives important 

information about the degradation modes after synthetic or aging 
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procedures, manipulation of harvested samples can add complexity and 

artifacts to the measured data. 

 

The experimental work in the present work was limited to cylindrical 

18650 commercial cells. The positive electrode was NCA and the negative 

electrode was Si-G composite. However, the market for lithium-ion 

batteries currently offers a variety of alternatives, both in format and 

chemistry. Two other chemistries are currently dominating the industry, 

namely lithium iron phosphate (LFP) and lithium nickel manganese cobalt 

oxide (NMC). Both options offer advantages and tradeoffs. LFP offers 

cheap and environmentally-friendly materials, but the operation cost of 

manufacturing is high. NMC, on the other hand, can be manufactured 

using mature operation techniques in a cheaper way than LFP, but the 

materials are expensive, scarce, and toxic. LFP offers less energy density 

than NMC which means that a system would need many cells to deliver the 

same amount of energy as using NMC. More cells would also require a 

larger number of electronic components. On the positive side, LFP offers 

long cycle service life. NMC offers high energy density but shorter cycle 

service life; a smaller number of cells are needed to deliver the same 

amount of energy as LFP. We have concluded that, when it comes to the 

battery, it is energy throughput that defines the optimal LCC and not cycle 

life. NMC delivers greater amounts of energy using fewer cells, and its cycle 

life can be significantly improved by avoiding high cut-off voltage 

operation. 

 

On the system level, the obtained load profiles can be further developed for 

improved realism and accuracy. This can be achieved by surveying large 

populations living in off-grid conditions. The suppressed demand effect 

can also be further investigated using values that more closely follow the 

wellbeing development goals set for a specific region or population. 

 

It is becoming more important to implement testing protocols considering 

the reduction of the SOC window since applications such as energy storage 

systems (ESS) are not as limited by the system volume as the automotive 

industry. Currently there are few standards which consider testing 

protocols for ESS applications, the development and validation of new 

testing protocols and conditions is a necessity the industry will start 

demanding soon.  
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This thesis considers a constant ambient temperature during the battery 

aging. Although most systems operate in temperature-conditioned 

chambers, the self-heating of the individual batteries can accelerate the 

aging process and affect the cost calculation if not considered. Studying 

this effect would be a good continuation of this work in order to obtain even 

more accurate cost calculations. 
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