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The increasing energy consumption, the scarcity of resources and climate change make energy a major geopolitical issue of the 21st century. Renewable energy production system for the rural electrification of isolated villages is a way to reach several objectives of economic development, health and education and contribute to the 17 objectives of the UNO. In many remote areas in developing countries, poor people don"t have access to the grid and they use candles or petrol lamps, for lighting, diesels and/or batteries for TV and other home appliances. For the rural electrification of their houses and villages, an original solution can be proposed by using wasted electric equipment. This approach corresponds to frugal innovation, « jugaad » in Indian region, or in other words, local solutions for local people based on low-tech materials.

Lead-acid batteries are the oldest batteries in use for domestic and commercial applications. These are discarded in a big number every year from their first life use. If these batteries can be put in the second-life uses, then carbon foot prints can be made lower. Now, the problem is when one goes to buy a reused battery on a corner shop, how one knows that battery is good or not for his use. Some state-of-health (SoH) methods and indicators are required which can be used in a very short duration (1-5 minutes). So, the method should be fast, cheap, reliable, easy to use and should work without any historical data of the battery.

In this work, six methods are investigated for fast SoH evaluation without knowing the history. Two methods are already known and four are introduced in this research first time. Out of these methods, two methods are producing less than 10% error on wider range of SoC and SoH. An hybrid combination of these methods is discussed as well where disadvantages can be neglected and advantages can be put together.
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Résumé

La pauvreté est une grande préoccupation dans le monde actuel et elle pourrait diminuer si l'approvisionnement en électricité pouvait être accessible pour tous, en particulier dans les zones rurales et à un coût abordable. Environ 1 milliard de personnes n'ont toujours pas accès à l'électricité selon les chiffres de la Banque mondiale en 2018 et la plupart de ces zones en difficulté sont rurales. L'électrification rurale à partir de l'innovation frugale est un point clé pour développer un système d'approvisionnement électrique basé sur des technologies renouvelables et participer à l"atteinte des 17 objectifs de l"ONU. L"innovation frugale, « jugaad » en inde, est un principe basé sur l"utilisation de ressources locales basse technologie pour satisfaire des besoins d"usages locaux.

Les panneaux solaires sont mis au rebut au bout de vingt-cinq ans, mais ils fournissent encore 80 % de l'énergie de leurs homologues neufs. Les unités d'alimentation d"ordinateurs mises au rebut peuvent souvent encore être utilisées comme régulateurs de charge solaire par exemple. Les moteurs asynchrones mis au rebut peuvent être utilisés avec des turbines éoliennes ou hydroélectriques dans les zones appropriées. Les batteries au plomb démontées sur des automobiles à moteur thermique peuvent quant à elles être utilisées dans ces systèmes comme système de stockage d"électricité.

Cette thèse traite du diagnostic de l"état de santé des batteries au plomb en vue de leur réutilisation de seconde vie. Les batteries au plomb sont les plus anciennes batteries utilisées dans les applications domestiques et commerciales. Elles sont mises au rebut en grand nombre chaque année dans le monde entier après leur première utilisation. Si ces batteries peuvent être utilisées en seconde vie, l'empreinte carbone des batteries et du système d"électrification rurale peut être réduite. Le problème lors de l"achat d"une batterie d"occasion dans une boutique locale est celui de l"évaluation de son aptitude à assurer la fonction de stockage d"électricité Il est donc nécessaire de disposer de méthodes et d'indicateurs de l'état de santé qui puissent être utilisés en très peu de temps (1 à 5 minutes), localement, avec un équipement de test réduit et peu coûteux. Ainsi, la méthode doit être rapide, bon marché, fiable, facile à utiliser et doit fonctionner sans aucune donnée historique de la batterie.

Dans ce travail, six méthodes sont étudiées pour une évaluation rapide du SoH (State of Health) sans connaître l'historique de la batterie. Deux méthodes sont déjà connues et quatre méthodes originales sont introduites pour la première fois dans cette thèse. Parmi les méthodes que nous proposons, deux méthodes produisent moins de 10% d'erreur sur une très large gamme de SoC et SoH. Une combinaison hybride de ces méthodes est également discutée, les inconvénients pouvant être négligés et les avantages réunis.

Le premier chapitre est consacré à la collecte des indicateurs économiques de la région de l'Asie du Sud, en particulier du Pakistan. L'analyse de la situation de l'éducation, de la santé et de la communauté permet de conclure que l'électrification rurale à l'aide de composants réutilisés permettrait non seulement aux gens d'améliorer leur niveau de vie, mais contribuerait également à améliorer l'environnement afin de lutter contre le réchauffement climatique.
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Le deuxième chapitre propose une revue de la littérature des méthodes d"évaluation de la santé des batteries au plomb réutilisées. Il a été constaté que deux méthodes déjà existantes sont partiellement capables d'évaluer le SoH des batteries plomb-acide réutilisées: la méthode de la résistance interne CC et la méthode des deux impulsions. Mais ces méthodes produisent soit des résultats acceptables dans une très petite gamme de SoC et SoH, soit des résultats assez imprécis. On peut donc conclure qu'il est nécessaire de proposer des méthodes plus efficaces pour les batteries au plomb réutilisées, applicables à une gamme plus large de SoC et SoH.

Le troisième chapitre traite des techniques de SoH basées des essais temporels. Au total, cinq méthodes sont discutées, dont trois nouvelles méthodes originales. Une analyse est faite pour la méthode de résistance interne DC et les méthodes à deux impulsions. Quelques suggestions sont données pour améliorer ces méthodes anciennes. La méthode de décharge courte, la méthode de résistance CC interne en fonction du courant et les méthodes de capacité de rétention de charge sont présentée pour la première fois dans ce travail de recherche. La méthode de décharge courte produit de bons résultats relatifs au SoH, tandis que les deux autres méthodes sont utilisées pour classer les batteries dans l'ordre de leur SoH et nécessiteront des recherches plus approfondies pour être comparables aux autres méthodes.

Le quatrième chapitre présente une autre méthode basée sur une réponse fréquentielle, appelée "méthode basée sur le CdS" pour Coefficient de Sulfatation. Cette méthode est basée sur la spectroscopie d'impédance électrochimique (SIE) et l"identification paramétrique à partir d"une SIE. Un nouveau paramètre "CdS" est introduit qui est un mélange d'éléments à phase constante et de résistance de transfert de charge. Ensuite, la sulfatation et la corrosion sont utilisées pour évaluer le SoH des batteries. Cette méthode produit moins de 10% d'erreur dans 54 cas sur 56 tentatives. D'autres variations des méthodes sont discutées dans la dernière partie du chapitre.

Enfin, ce manuscrit est conclu en présentant des stratégies hybrides basées sur les différentes méthodes pour cumuler les avantages et limiter les inconvénients des méthodes présentées.
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General Introduction

Energy is one of the basic needs to survive on this planet. The oil, gas and coal are contributing towards the power generation especially in the developing countries because this energy is still rather cheap out of these conventional resources and the third world countries still cannot afford the renewable energy resources. Due to constant decrease in the price of renewable energies each year and their involvement to fight against global warming, developing countries have also started to adopt these environment friendly technologies.

Providing electricity to under-developed areas in third world countries is still a challenge.

Poverty is a big concern in the current world and it can lessen if electricity supply can be provided in all areas especially in rural areas and at an affordable cost. Around 850 million people are still without access to electricity according to World Bank numbers in 2018 and most of those suffering areas are rural. Rural electrification with frugal innovation is the need of the hour i.e. making an electrical supply system based on reused renewable technologies. They will help to achieving the United Nations 2030 Sustainable Development Goal 7 (SDG7) of ensuring availability of clean reliable and cheap energy to all individuals. Solar panels are discarded after twenty five years but they still supply 80% of their new counterparts. Power supply units (PSU) from abandoned computers can be used as solar charge controllers. Discarded induction motors can be used as wind and hydro turbines in suitable areas. Lead-acid batteries can be used in these systems as back-up storages. This thesis deals with reusing of lead-acid batteries into their second-life.

Lead-acid batteries are the oldest batteries in use for domestic and commercial applications. These are discarded in a big number every year from their first life use, all over the world. They are one of the big factors in creating chemical pollution so if these batteries can be put in second-life uses then carbon foot prints can be made lower. These cheap reused batteries can become a solution for third-world countries to make a small electrical system in the villages, especially. Now, the problem is when one goes to buy a reused battery on a corner shop, how one knows that battery is good or not for his use. Some state-of-health (SoH) methods and indicators are required which can be used in very short duration (1-5 minutes). So, the method should be fast, cheap, reliable, and easy to use and should work without any history data of the battery.

Internal DC resistance method and two-pulse method are two methods from literature qualifying the criteria being set in the problem statement while Electrochemical Impedance Spectroscopy (EIS) does not have any formula available for SoH evaluation till now. These three methods will be considered in this thesis to evaluate SoH of the second-life batteries but their limitations will be put in evidence. Besides, some new methods will be introduced in this thesis and their results compared to those of the three existing and popular methods above mentioned.

The motivation of this work is to support the poor population of third-world countries so that second-life batteries can be used for some possible lighting and other applications. From these EIS spectra, CdS (Coefficient de sulphation) based method is derived. Other DC based methods are performed with the help of resistive and electronic loads, oscilloscope and power supplies etc. Short discharge method is based on discharging the battery for very small time duration and then observing the difference between ideal and actual State-of-charge (SoC) difference. All new methods have been compared with two-pulse method and internal DC resistance method. All these experiments have been conducted on room temperature.

Dissertation

The thesis is divided in the five parts as below:

The first chapter is dedicated to collect the economic indicators of South Asian region especially Pakistan. It is concluded by analyzing the education, health and community situations that rural electrification using reused components would not only enable people to enhance their life standards but it would also help to make environment better considering situation of global warming.

The second chapter is used to do the literature review and to check how much work is done for SoH evaluation of re-used lead-acid batteries. It is found that two already existing methods could be candidates to evaluate the SoH of the re-used lead-acid batteries but with limitation; Internal DC resistance method and Two-pulse method. But these methods either produce acceptable results in very small range of SoC and SoH or they produce very inaccurate results. So, it is concluded that it is needed to propose some efficient methods for reused lead-acid batteries which are applicable for wider range of SoC and SoH.

The third chapter deals with DC based SoH techniques. Total five methods are discussed out of which three new methods are introduced for first time in this research. Moreover, some complementary analysis is done and improvements are proposed for internal DC resistance method and two-pulse method. As an originality of this work, short discharge method, internal DC resistance vs. current method and charge retention capacity methods are introduced for first time in this research. Short discharge method is producing good results and gives SoH as a number while other two methods are used to arrange batteries in SoH order. They need further research to make them a comparable method to other methods.

The fourth chapter introduces another frequency based method which is named as "CdS based method". This method is based on electrochemical impedance spectroscopy (EIS) and parameter identification from the EIS. As a result, a new parameter "CdS" is introduced which is a mixture of constant phase element and charge transfer resistance. It is found that CdS represents the sulphation happening in the battery. Then sulphation and corrosion are used to evaluate SoH of the batteries. This method is producing less than 10% error on 54 instances out of 56 attempts. Further extremes and variations of the methods are discussed in the later part of the chapter.

Finally, the research is concluded and perspectives are derived that deal with hybrid strategies of the different methods to get the advantages of the method and negate the disadvantages of the methods. Moreover, some solutions to achieve EIS and then perform CdS method with re-used components are listed.
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CHAPTER 1 Energy Context of the South Asian Region in View of the Reused Components

Human race is at least millions of years old on this planet and surely energy has been one of the basic necessities of the human beings from the beginning of the time on the earth. This usage would have been very basic like getting the sunshine, eating the biological things etc. Then the evolution started in the usage of the energy resources and eventually the time came where advanced usage of the resources was possible like harvesting the solar energy through the solar panels. The wind mills are now so huge and advanced as compared to their counterparts from centuries ago. Biomass can be used to harvest the energy more efficiently as old ways were to burn it only. Fossil fuels are still available as main source of the energy in the current energy mix, worldwide. The oil, gas and coal are contributing towards the power generation especially in the developing countries because the energy is cheap out of these conventional resources and these countries still cannot afford the renewable energy resources. Due to constant decrease in the price of renewable energies each year and climate change awareness, developing countries have also started to adopt these environment friendly technologies. Providing electricity to under-developed areas in third world countries is still a challenge.

There are several factors, not able to provide modern ways of energy usage to the rural areas in the third world countries i.e. high initial cost of grid, distance from the grid, energy technology etc. A lot of efforts have been put to provide innovative solutions for producing power from the renewable resources. Solar photovoltaic, solar thermal, wind, biomass and hydro technologies are now well developed to be used individually, remotely and reliably. But high initial cost is still a barrier in implementing it for the poor people in third world countries and especially in the rural areas. Some research has already been put to make initial cost lower or alternatively using technologies and equipment in their second life for minimal use possible. Solar panels are discarded in developed countries after 15-20 years due to failure to produce less than 80% power of their nominal rated power [START_REF] Sandy | The Real Lifespan of Solar Panels -Energy Informative[END_REF]. A lot of induction motors also come as a waste from the big industrial factories. They can be used in the wind and hydro plants as tried before in [START_REF] Kim | Contribution to the design and control of a hybrid renewable energy generation system based on reuse of electrical and electronics components for rural electrification in developing countries[END_REF] and waste strategies are studied [START_REF] Klausner | Reuse of Electric Motors in Consumer Products: Design and Analysis of an Electronic Data Log[END_REF]. Power-supply units (PSU) from the computers constitute a big part of e-waste worldwide as well. These PSUs can be changed a little to be used as a battery charge controller have been successfully implemented in [START_REF] Kim | Second life of power supply unit as charge controller in PV system and environmental benefit assessment[END_REF] [START_REF] Bunthern | New ideas to reuse PC power supply for renewable energy applications[END_REF]. A big amount of batteries is wasted worldwide and a big chunk of it comes from the cars as the SLI (Starting, Lighting, and Ignition) lead-acid batteries. Though these batteries are weaker than new ones but still, these batteries can be employed to make a reliable and small power supply system as shown in figure 1.1.

For batteries to be used reliably in their second life for some time and minimal load, a robust, fast and reliable method is required to tell the state-of-health (SoH) of the battery without knowing its history. In this thesis, existing methods in the literature have been analyzed which depend upon the history of the battery and a new method is proposed to predict SoH precisely, accurately, cheaply and consuming very less time. 

Importance of rural electrification

Electricity is a major contributor in the energy usage. Around 850 million people do not have access to the electricity worldwide [START_REF]Access to electricity (% of population) | Data[END_REF]. As a local example, approximately 40 million people are living without the electricity in Pakistan [START_REF]Access to electricity, rural (% of rural population) -Pakistan | Data[END_REF]. Rural areas still constitute major part of the world especially in the developing and third world countries. Rural population is 66% of the total population in South Asia as reported in 2018 by the World Bank [START_REF]South Asia -Rural Population -1960-2018 Data | 2020 Forecast[END_REF]. South Asia includes Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri Lanka. All of these nations are either developing or under-developed. Renewables energies can have an important role in providing the electricity to remote places. Alliance for rural electrification had put some economical case studies for solar PV and wind technologies in the rural areas of the developing countries and studied the fact that they are quite economical, reliable yet environment friendly [9][10]. Micro grids are very important for supplying the electricity access to the people in the rural areas with those possible renewables. UNESCO has studied some micro grid case studies in the rural areas of the developing countries and given the challenges and lessons learned which can be helpful [START_REF] Schnitzer | Microgrids for Rural Electrification : A critical review of best practices[END_REF].

Global warming and pollution are the foremost concerns of the world at the time. 32840 Million tons of carbon dioxide has been added into the atmosphere in 2017 which is 60% more than in 1990 [START_REF] Iea | Global CO2 emissions in 2019 -Analysis -IEA[END_REF]. And unfortunately, is still expected to rise as well. It does not mean the largest part of the world CO 2 emissions comes from the rural area but definitely still a certain proportion comes from the rural areas. This is because cooking is still done with burning woods. So, if cooking can be shifted to efficient ways in the rural areas than it is expected that the average health can go further up.

General characteristics of rural energy use

In the rural areas, most of the energy usage is due to the residential sector. The industries are either small or not present while the agriculture sector uses big part of the energy. Some agriculture lands get the water from the canals while other land owners pump water from the ground which is done by very old ways in the rural areas using some old fan based water pumps which can be run with Petter engine (an old diesel engine used for pumping in the rural areas of Pakistan) [START_REF] Ott | The History of the Petter Engine -Farm Collector | Dedicated to the Preservation of Vintage Farm Equipment[END_REF]. This mechanism is inefficient and a lot of energy can be saved by replacing these electric water pumps which is possible either with the electric grid reach or renewable power solution. Those Petter engines are a big source of pollution in the rural areas in the developing countries like Pakistan and it can be more beneficial for the environment as well if the electricity is provided to such places. Electricity needs are fulfilled by either the diesel or petrol generators, if people can afford it. So this is again costly and bad for the environment as well.

Another problem in third world countries is reliability and security of the electric grid. Even if access to the electric grid is possible but still it depends on how near you live to the urban or developed areas. So, the electricity can be unavailable in pure rural areas. In figure 1.2, this situation is explained till 2011 and it can be imagined easily that the first victims of this load-shedding pattern live in the rural areas. 

Benefits of electricity access in rural communities

Previously, the global sketch has been drawn for the benefits of the electricity access to the rural areas. Here, these benefits are explained with more details in the light of some facts and figures. This one step can entirely change the lifestyle of the people in the urban areas and it has some major impacts on the education, health, immigration to urban areas, community development, employment and environment.

For example, "Electriciens sans frontières" is a French NGO working for the welfare of the societies worldwide. Lack of lighting in a classroom harms student performance. Electrifying a school or even their houses allows the students to be able to work in the better conditions, to train on the tools and thus increase their chances of the academic success and better lives. For a doctor, to be able to enlighten without using a candle or of a kerosene lamp after dark, allows a safe birth, quality reviews, keeping vaccines in the fridge. Electricity improves and facilitates access to the better care and exams quality. Each year, 361,000 children less than 5 years die from diarrhea due to insufficient access to the drinking water, sanitation and hygiene issues [START_REF]Electriciens sans frontières[END_REF][16] [START_REF]Electriciens sans frontières[END_REF] and rural electrification can help to reduce this dramatic number.

Education

Education is a worldwide problem especially in the developing and under developed countries. 53% children of the middle and low-income countries cannot read and understand a story after finishing the primary school In South Asian countries, education at primary level is still a big problem. One example is Pakistan as around 22.8 million children aged 5-16 do not go to school which is almost 44% of total strength of the children in Pakistan and the biggest part of this percentage comes from the rural areas [START_REF]Education | UNICEF Pakistan[END_REF]. Those who even go to the school do not have enough facilities available for the education. Education increases hourly income by 9% for every extra schooling year [19]. So, if the electricity access can be enhanced to rural areas, it would definitely increase the quality of the education and in result, more teachers can get jobs and employment rate can increase in the electrified rural areas.

Health

Health is considered as the backbone of a country. Healthy people mean healthy and growing economy. In South Asian countries, health is one of the big problems. Here, only the rural area statistics are discussed for Pakistan. In figure 1.3, the medical practitioners are summed up by the Gallup Pakistan. Some health statistics from the Gallup survey 2018 are presented below. Around 46% of the children remain stunted under five year category, 16% children die before reaching age of five years, while 33% children remain underweight before the age of five years [START_REF] Gallup | Health Statistics of Pakistan[END_REF].

Environment

The whole world is facing the environmental problem in the form of the global temperature rise due to excessive CO 2 release. There are certainly other issues contributing towards global environmental problems like deforestation, ground water quality and air quality etc. Recently, Lahore has faced a problem of smog (smoke + fog) creating problems for the eyes and breathing etc. [START_REF] Abi-Habib | Pakistan Blames India for Its Air Pollution. Its Citizens Disagree[END_REF]. Air index factor was 385 on one day in 2019 while anything above 50 is considered unhealthy. This smog problem goes till New Delhi and between both these cities, there are thousands of the villages and some small cities located. Ground water is a big problem in Pakistan in the rural and urban areas as around 45 percent of the crop water comes from the ground [START_REF] Mr | Pakistan Bureau of Statistics Government of Pakistan ISLAMABAD[END_REF]. The farmers burn the remains of the crop to clear the land which is adding the pollution in the air. Definitely, the farmers need to be trained and educated about this issue. Again, the rural electrification will help the education facilities and that is how, better environment conditions can be revamped. 

Communities development

Most countries in South Asia depend on the agriculture for their economic development. As all of the agriculture is done in the rural areas, if the electricity is given to these areas then it will be very easy to develop the infrastructure and hence the small communities can be developed. As a result, the agriculture can be done more efficiently and economy of these developing countries would increase in the response. Around 766 million people in the world lived on less than 1.9$ a day in 2013 [START_REF]Human Development Report 2016 Human Development for Everyone[END_REF] so a lot more effort is required of which the rural electrification is important. Other than this, the solar energy domain created 2.5 million jobs alone in 2015 [START_REF]Human Development Report 2015[END_REF] so the rural electrification can provide a lot of new jobs to community only in form of technical people required for the renewable energy.

Developing rural areas means that clean water can be available nearby or even at home and hence hours of unpaid work can be made least possible. Enhancing the energy consumption is strongly related to the human development index in the developing countries. In India, only the solar PV generated 90 direct or indirect technical jobs per megawatt which is a very promising number [START_REF]Human Development Report 2015[END_REF]. In South Asia, it is reported that the women adopted renting the solar lanterns to replace kerosene lights and it is easy for them to adopt as a business considering home responsibilities. In India, 2.6% of total labor force was employed by the clean energy job creation. Internet has become a basic need for people and hence it can be accessed by the people due to the remote rural electrification.

Cooking

Cooking is one of basic human needs and the first possible solution for the cooking would have been burning the woods and still in some rural areas. Cooking is mostly done by the women in South Asia as of a survey in 2015 [START_REF]Gender and Livelihoods Impacts of Clean Cookstoves in South Asia -Executive Summary[END_REF].

 In India, 374 hours per year are spent by the women for the cooking and around 70 hours could be saved by a more efficient cooking. Improved cook stoves (ICS) contributed in the clean cooking as on average 28.1% reduction in firewood is observed [START_REF]Gender and Livelihoods Impacts of Clean Cookstoves in South Asia -Executive Summary[END_REF].  In Pakistan, 90.6% population uses solid fuels in the rural population. Around 60% population is using wood as the cooking fuels while the dung and charcoal use is 6.9% and 0.4% respectively by the population. Around 32% population is using the gas for the cooking. As a consequence, around 111 million people suffer from household generated air pollution due to the cooking [START_REF]Clean Cooking Alliance[END_REF].  In Bangladesh, approx. 82% population use the wood, coal, charcoal and kerosene for the cooking and around 70,000 deaths occur in a year due to household generated air pollution [START_REF]Clean Cooking Alliance[END_REF].

These stats are for three big countries in South Asia which is responsible for almost 1.7 billion inhabitants in the world. Same problems can be seen in the other countries of South Asia. By mentioning these problems, it is obvious that the cheap electricity should be provided to these countries and especially in the rural areas. This electricity can be provided with according to the frugal innovation principles and re-used components. These can be put together and a smart nano grid can be created with these elements. Out of these re-used elements, re-used batteries as the electricity storage solution will be analyzed in this thesis.

Lighting and appliances

Most rural areas in South Asia suffer from the lack or poor quality of basic facilities like the electricity and grid access. Even if some of the rural areas have access then quality is a big challenge. A study has been done in Himalayan region of Pakistan in 2019 as this is a remote place with less facilities of life [START_REF] Ali | Alternate energy sources for lighting among rural households in the Himalayan region of Pakistan: Access and impact[END_REF]. This region has 200,000 inhabitants who live in a beautiful hilly area but where life is quite difficult due to harsh nature of weather. This study shows that 78% of people have access to the electricity. But, there is a lot of load shedding in this area and 84% people use candles for the lighting. Around 91% use batteries for the lighting and small loads. These batteries can be recharged from a station far away or from a city nearby. Only 7% have solar bulbs while still 78% population uses the kerosene oil for the lighting purposes.

There are other small loads used by the local population. Television is available in only 41% of the houses while a basic need like refrigerator is only afforded by 36% of population. Due to the harsh summer, 86% people use fans. This study quite well explains the situation in other rural areas of South Asia.

Another study is performed in Maharashtra, India in 2013. It is based on surveys to check cost, safety and reliability factors effects on adopting the renewable energy technologies [START_REF] Blenkinsopp | Renewable energy for rural communities in Maharashtra, India[END_REF]. According to this study, 87.5% people used the candles for the lighting. The other means also used for this purpose are firewood and kerosene having a share of 62.5% and 75% respectively. Please note that these percentages do not add to 100% so it means that those people who use the kerosene and firewood for lighting, also use the candles for lighting. Even when electricity was available to these people other problems appeared like being expensive, unreliable etc. Around 87% people consider it as an expensive source. Around 87.5% want to change their current means of the lighting and cooking with some other source. 100% people want to replace it if some reliable, safe and cheap source is available. With population of 123 million [START_REF] Populationu | Maharashtra Population 2020/2021[END_REF] in 2020 in Maharashtra, if only 20% people can be given the light facility (10W) with solar panel and battery (reused solution) then replacing the kerosene oil saves 3 liters of oil per month per light [START_REF] Narasimha | Distributional Impacts of Energy Policies in India: Implications for Equity in International Climate Change Agreements من يف أل ت Narasimha Desirazu Rao -تب ك ال لى ع Google Play[END_REF]. If a family is considered for five persons on average, then 73.8 million litters fuel per month can be saved. This is considered if one family uses one light which is bare minimum level. One liter of the kerosene oil has 10.35 kWh energy [START_REF] Rix | Oil Usage Calculator | How Much Heating Oil Am I Using?[END_REF] so saving 73.8 million liters would save 38458 kg of CO 2 per month going into the atmosphere [START_REF] Volker-Quaschning | Specific carbon dioxide emissions of various fuels[END_REF]. So, it is visible from this small analysis that rural electrification is the need of the hour. The part related to the used batteries will be analyzed in the coming chapters.

Summary of section 1.1(Importance of rural electrification)

As a solution to the energy needs in the rural areas, a hybrid system from the second-life components can be used and can be an escape from the problems of the education, health and environment. Rural electrification will definitely benefit the community development in rural areas and will solve the availability issues of the basic necessities of the life.

Energy situation in South Asia

There are eight countries included in the South Asian region (Pakistan, India, Bangladesh, Afghanistan, Nepal, Bhutan, Sri Lanka and Maldives) out of which four countries are in LDC (Least Developed Countries) according to United Nations Conference on Trade and Development 2019 (UNCTAD). These countries are Nepal, Bangladesh, Afghanistan and Bhutan [START_REF]The Least Developed Countries Report 2019[END_REF]. Other countries are in the developing countries but not in the developed countries. Giving clean energy access to maximum number of people in the countries where electricity is one of the basic needs at this time, could certainly help their development.

Focus on Pakistan

Pakistan is an agricultural and semi-industrial country in Asia having area of around 796,095 km 2 . Neighboring countries are India, China, Afghanistan and Iran [START_REF] Worldometer | Population -Worldometer[END_REF][36] [START_REF]About Pakistan[END_REF]. Its population is exceeding 212 million according to census in 2017. Around 80% of the energy share is taken by the oil and gas from a total of 70 million tons of oil equivalent [START_REF] Farid | Pakistan Energy Situationenergypedia[END_REF]. Nuclear power share is 1.9% of total power production. The share of the hydro power is only 13%. Some other stats are given in figure 1.4, as the rural electrification rate is only 61%. Pakistan"s installed electrical power generation capacity is around 33.836 MW in February, 2019 which has increased by 45% from 2014. Share of the energy mix is given in fig 1 .5 [START_REF] Rehman | Prospects of rural electrification of Balochistan province with renewable energy sources[END_REF].

Baluchistan is the most neglected province of Pakistan in terms of development and its maximum part can be ranked as rural. Electricity access is scarce in maximum areas here and a huge potential is available to electrify these lands with the renewable resources [START_REF] Rehman | Prospects of rural electrification of Balochistan province with renewable energy sources[END_REF]. CPEC (China Pakistan Economic Corridor) is the biggest project in history of Pakistan with China investing billions for a transportation corridor of trade to Central Asia, Middle East and Europe. This is in development phase and is developed mostly on barren lands and new population is expected to accumulate across it. There is a huge requirement coming in the future for the rural electrification to which some solutions are also possible with the renewable energies [START_REF] Khan | Cost Optimization of Hybrid Microgrid across China-Pakistan Economic Corridor (CPEC) Eastern Route for Rural Electrification in Pakistan[END_REF]. 

Focus on India

India is the second largest country in the world by population with almost 1.35 billion people and the seventh largest country by area [35] [41]. In figure 1.6, traditional use of biomass and access to the electricity is compared with the rest of the world and Africa [START_REF] Dr | India"s energy policy: Key findings of the IEA"s In-Depth Review[END_REF]. In India, the total power generation capacity is around 370 GW, and further share of the generation mix is explained in fig 1 .7. According to the World Bank till 2017, around 89% rural population has access to the electricity so there is still a big portion of people who requires and needs access to electricity. This development graph is shown in figure 1.8 [START_REF]Access to electricity, rural (% of rural population) -India | Data[END_REF]. 

Focus on Bangladesh

Bangladesh is one of the most densely populated countries in the world. The population in 2018 was around 159 million on a area which is around 105000 km 2 [35][41]. Total power generation capacity in 2016 was 8709 MW. The global power generation mix is provided in fig 1.9 where it can be observed that around 63% of this comes from the natural gas. Electricity access is described in fig 1 .10 which shows that 81.3% rural population has access to the electrification [START_REF]Access to electricity, rural (% of rural population) -Bangladesh | Data[END_REF] while another research shows that about 80% population is living in the rural areas and the electricity access is only 25% in the rural areas [START_REF] Taheruzzaman | Electric Energy Access in Bangladesh[END_REF]. Electricity outage is possible in Bangladesh for 4-6 hours while in summer it can reach 6-8 hours in the rural areas. 

Focus on Afghanistan

Afghanistan is a country with population around 32 million and area under country is 652,000 km2. [35][41].

Energy is generated 63.7% from the hydropower and the rest comes from the fossil fuels [START_REF] Energypedia | Afghanistan Energy Situation -energypedia[END_REF]. Electricity access has increased from the past and now electricity is available to a good number of people in even the rural areas as it appears from data of the World Bank in fig 1 .11 [START_REF]Access to electricity, rural (% of rural population) -Afghanistan | Data[END_REF]. 

Focus Sri Lanka

Sri Lanka is an island state with approximately 65,610 km 2 area and 22 million people [START_REF] Worldometer | Population -Worldometer[END_REF] [START_REF] Worldometer | Largest Countries in the World by Area -Worldometer[END_REF]. Access to the electricity in the rural areas is around 97% where increase in the electricity access can be seen in fig. 1.12 [START_REF]Access to electricity, rural (% of rural population) -Sri Lanka | Data[END_REF]. 

Focus on Nepal

Nepal is a country with almost 29 million people and 147,179 km 2 area [35][41]. Access to the electricity is 94.745% till 2017 by the World Bank data as presented in fig 1 .13 [START_REF]Access to electricity, rural (% of rural population) -Nepal | Data[END_REF].

Focus on Bhutan

Bhutan is a landlocked country with 38,394 km 2 area and 741,700 people in 2019 [35][41]. Hydro-potential is 30 GW while installed hydropower capacity is 1.614 GW. Energy mix is provided in fig. 1.14. In 2017, access to the electricity is 100% for urban areas and 99.98% for the rural areas as visible in fig. 1.15 [START_REF]Access to electricity, rural (% of rural population) -Bhutan | Data[END_REF]. This access value to the electricity is remarkable if we compare it to the other countries in South Asia. One possible reason of this is that the population of this country is even less than one million. So, this makes it possible to manage it well.

One lesson from this can be taken for the countries like Pakistan, India, Afghanistan and Bangladesh is that if they can divide populations into very small communties then better resource management can be done and economy can improve a lot. 

Focus on Maldives

Maldives is a small country composed of the small islands with 392,709 inhabitants. Land area is 298 km 2 out of total area 21,372.72 km 2 [35][41]. Energy mix and rural area access to the electricity is given in fig.

1.16 and 1.17 [53] [54].

Figure 1.16 Energy mix in Maldives which shows maximum reliance is on fossil fuel [START_REF] Sari | USAID SARI/Energy Integration -Maldives Energy Overview[END_REF] Figure 1.17 Access to electricity in rural areas for Maldives [START_REF]Access to electricity, rural (% of rural population) -Maldives | Data[END_REF] Summary of section 1.2.1-1.2.8 (Energy situation in South Asia)

South Asian countries power and energy information shows that the big countries in the region like Pakistan, India and Bangladesh are suffering to provide the access to the electricity to the rural areas even having so much natural resources available and still millions of people are without basic needs of a better life.

Even if the share of electrification increased a lot during the recent past years, there are still millions of people out of it. In most of the cases, they are not the rich people. Frugal innovation for the rural electrification could be a solution for them.

South Asian government policies & projects

Due to massive use of the kerosene oil in Indian rural areas and its associated risks for health, a policy has been devised to shift subsidy from the kerosene to the solar off-grid lighting solutions [START_REF] Bridle | Sustainable Lighting Solutions for Homes in Rural India: on JSTOR[END_REF]. Around 500,000 pre-mature deaths happen every year in India due to the pollution cause by the kerosene oil and burns from [START_REF]PAKISTAN"S INTENDED NATIONALLY DETERMINED CONTRIBUTION (PAK-INDC)[END_REF]. In 2030, it is expected that CO 2 emissions would rise to 1603 MT CO 2 -equivalent, 300 percent growth as compared to 2015. Pakistan intends to reduce these emissions by 20% and some capital will be required to assist this reduction otherwise the growth of country would be highly affected.

OFWM (Own Farm Water Management) is a project running in Pakistan from 2017 and it includes a solar powered system for a drip irrigation system which can help irrigate the barren lands efficiently with very less water. This project is specially focusing the remote rural areas where access of water is difficult or impossible. In this project, the drip system is partially funded by World Bank and solar system for the power is partially funded by Punjab Government in Pakistan [START_REF]Promotion Of High Value Agriculture Through Provision Of Climate Smart Technology Package[END_REF].

Grameen Shakti, an enterprise was established in 1996 in Bangladesh with the aim of electrifying the villages. This was developed based on the microfinance concept. Till November 2019, 9.6 million people have been involved in this scheme and surprisingly, 97% of them are women. 81,678 villages are covered by Grameen Shakti which is 93% of total villages of Bangladesh. SHS (Solar Housing Systems) were installed in villages for electricity supply. The success of this project is evident from the fact that in 1997 installed systems were 228 and it jumped to 1,655,201 in 2015 [START_REF] Hossain | Renewable energy: Prospects and trends in Bangladesh[END_REF]as explained in fig. 1.18. Total rate of recovery of loans (given to people for small solar home systems till 2020) is 98.91%.

Afghanistan is a country at war for two decades now and its economy is bearing the losses. Afghanistan Sustainable Energy for Rural Development (ASERD) is a project from UNDP for the betterment of remote rural areas, but only 20% of the rural areas are connected to electricity according to UNDP data. Aim of ASERD is to supply sustainable energy to 50,000 homes out of 3.2 million houses. An average family has eight children in Afghanistan so 10 people in one home [START_REF]Reality of Life in Afghanistan -Trust in Education[END_REF]. This makes 3.2 million houses for a 32 million population. Some outcomes of the project are: 180 mini and micro-grids using micro-hydro, biomass, solar and hybrid systems, 19,488 improved cooking stoves, 3,897 efficient heaters, 1,948 solar water heaters and 1,948 biogas digesters [START_REF]Afghanistan Sustainable Energy for Rural Development (ASERD)[END_REF]. Sri Lanka is one of 43 countries of climate vulnerable forum who aimed to shift to 100% renewable energies by 2050 [START_REF]Assessment of Sri Lanka"s Power Sector-100% Electricity Generation Through Renewable Energy by 2050[END_REF]. The concept of generating 100% electricity with renewable resources by 2050 is in consideration in light of UNDP and ADB report. In 2015, 52% electricity was generated by the fossil fuel. The evolution of the energy mix is planned as shown in fig 1 .19. Solar (16GW) and wind (15GW) will take the maximum share of the total energy mix (34GW) as visible in the figure 1.19. For this around 50 billion dollars would be needed and it will reduce almost 18 billion dollar import bill of fossil fuel.

Bhutan has highest consumption of the wood per capita as 1.3 ton per person per year (70% population lives in the rural areas in 2012 and the wood is the easiest available source for the cooking). So, a project from UNDP was focused to minimize the greenhouse gas emissions (GHG) and this wood energy consumption is 66% of the total country energy use [START_REF]United Nations Development Programme Country: BHUTAN[END_REF]. Aim of the project was to deliver less polluted and energy-efficient ways, GHG emissions reduction, energy savings etc.

Figure 1.19 Energy-mix of different sources till 2050 [START_REF]Access to electricity, rural (% of rural population) -Bhutan | Data[END_REF] Maldives also have such programs for development of the rural population and efficient energy use in view of using more renewable resources.

In small countries of South Asia, the rural areas have access to the electricity but the major portion of South Asia is with India, Pakistan, Afghanistan and Bangladesh where rural population is even suffering to have access to the electricity. So in view of the current policies of the governments working with UNDP, ADB and World Bank etc., it can be hoped that the electricity can be supplied efficiently and with environmental constraints. In the following sections, some renewable resources are discussed in view of supplying electricity to the rural areas.

Summary of section 1.2.9 (South Asian government policies & projects)

 The energy mix in the South-Asian zone is different from one country to another but fossil fuels still have the highest share.  Fossil fuels create a lot of health problems which can be avoided thanks to renewable energies.  Some projects explained show that some work is being done for rural electrification thanks to some governments or NGOs or international programs with success stories. But still there is still a lot to be done to electrify all the populations in these countries.  We think that frugal innovation can play a role.

1.3

Renewable energies for rural areas

Sustainable renewable energy solution for rural electrification

South Asian region is gifted with all forms of renewable energy resources and some estimates are given in Table 1.1. Energy requirements occur in different forms like cooking, lighting, transportation, heating, cooling etc. All of these activities can be done with the electricity in the modern world but the problem is that it cannot be supplied from the utilities everywhere in whole of the countries. The initial installation cost for the extension of the grid lines added with the utilization cost of the energy resources create hurdles for the sustainable electricity supply in the rural areas. If other renewable means are used for the electricity then it is a big challenge to make it sustainable. 

Solar

Solar Energy is very common worldwide now and an important part of many countries renewable energy strategies according to human development report, 2015 from UNDP (United Nations Development Program) [START_REF]Human Development Report 2015[END_REF]. Around 500,000 solar panels were installed each day in 2015 in the world [START_REF]Human Development Report 2016 Human Development for Everyone[END_REF]!. South Asian region is very rich in terms of solar radiations as can be seen in figure 1.20. Solar radiation map for Pakistan is given in figure 1.21 [START_REF] Rehman | Overcoming electricity crisis in Pakistan: An overview of the renewable energy status and development in Pakistan[END_REF]. Baluchistan is the biggest province of Pakistan by area and it has the maximum radiation level as 7 kWh /m 2 / day. Some bigger projects like Quaid-e-Azam Solar Park (300 MW) have been already implemented [START_REF] Muhammad | Different Solar Potential Co-Ordinates of Pakistan[END_REF]. Some small projects like Ujala program has been implemented as well in which small solar panels with LED bulbs have been given to the students for reading at night [START_REF] Zafar | Ujala programme: Bahawalpur students get 15,000 lamps[END_REF]. Solar photovoltaic is the largest growing sector (22.6% growth rate between 2014-2019 [START_REF] Omer | Solar is the future, so might as well hurry -Profit by Pakistan Today[END_REF]) in the renewables energy in Pakistan. Other South Asian countries have similar solar radiations maps and have similar economic situation like Pakistan. Other governments are also putting efforts to harvest maximum of the solar energy for more clean and reliable energy especially in the rural areas. Official installed capacity for Pakistan in solar and wind is cumulatively 1500MW which is just 4% of the total capacity [START_REF]Expanding Renewable Energy in Pakistan"s Electricity Mix[END_REF] and solar systems installed privately are not known. Comparatively, Germany has 49GW of solar installed capacity which makes it around 589 Watt/person [START_REF]Germany: cumulative solar PV capacity 2013-2019[END_REF]. This calculation for Pakistan becomes 6.25 Watt/person for both wind and solar. If half capacity is attributed to solar then only 3.125 Watt/person is installed in Pakistan which is 188.48 times less than Germany. This little analysis shows that a lot of work needs to be done and how much rural areas are suffering out of it. Again, rural electrification will help improve the life standards and this can be achieved cheaply and soon with the help of the frugal innovation. 

Wind

Wind energy has a lot of potential in South Asian region as average wind speed for the whole region is shown in the fig. 1.22. Afghanistan is gifted with highest wind speeds as visible from the wind map [START_REF]Wind Power Potential: South of Asia[END_REF].

According to the "Good wind speed criteria", around 349 GW can be installed with the wind power in Pakistan but if cost effectiveness is considered as well, only then around 133 GW can be installed [START_REF] Shami | Evaluating wind energy potential in Pakistan"s three provinces, with proposal for integration into national power grid[END_REF]. As of 2020 in China, 535 GW of solar and wind is installed [START_REF] Reuters | China to add at least 90 GW wind and solar capacity to the grid in 2021 | Reuters[END_REF] which makes it 382 watt/person . As compared to Pakistan, this is only 6.25 watt/person. It shows how urgently, South Asian countries need to work on renewable energies and especially doing the rural electrification.

According to AEDB data, wind energy capacity at the moment is around 1.237 GW and more 3.5 GW would complete soon in Pakistan [START_REF]Wind Power Projects Status[END_REF]. So at the moment, wind is contributing around 6% of total Pakistan"s power generation capacity which is a good share for a renewable resource in such a country. It is difficult to find some documented proofs of small wind turbines but it is in knowledge of the authors that some efforts have been put in recent ten years by the local people to make small wind turbines and implement them for the electricity generation in the rural areas. 

Biomass

Electricity shortfall is around 5 GW in Pakistan and at peak times, it can touch 7 GW in peak summer [START_REF]Sketching Pakistan"s energy dynamics: Prospects of biomass energy[END_REF]. This shortfall costs 4-7% in Gross domestic product (GDP). Renewable is contributing less than 1% in total energy mix of the country which is being planned to rise to 5% till 2030. Half of the domestic energy requirements are met with the fuel wood and 34% by animal and crop residues. Bagasse produced by 70 sugar mills around country can provide 5700 GWh (potential) of electricity [START_REF]Sketching Pakistan"s energy dynamics: Prospects of biomass energy[END_REF]. Crop residues like cotton stalks, wheat straw, rice straw, sugarcane trash, and corn stalk are produced 49.4, 34.581, 16.75, 7.83, and 5.325 million tons, respectively. Power generation potential is 689.25 TWh/year from this waste biomass which is mostly burnt for no use as an extra thing in the fields [START_REF]Sketching Pakistan"s energy dynamics: Prospects of biomass energy[END_REF]. Animal dung can produce approximately 5 GW of the electricity generation in Pakistan according to [START_REF]Sketching Pakistan"s energy dynamics: Prospects of biomass energy[END_REF].

Most countries in South Asia are dependent on the agriculture for their economy and exports so it is evident that other countries would have similar stats like Pakistan. Those are mostly produced in the rural areas and can be presented as an effective and a reliable solution as well for their electricity and energy problems.

Hydropower

Most part of South Asia is green and land is mostly available for the agriculture, it is due to the fact that a lot of rivers flow from mountains to the flat lands. Some famous rivers are Indus, Ganges, Brahmaputra and Kabul etc. for a Pakistan"s hydro power potential which is approx. 41722 MW [START_REF] Nepra | Hydel Potential in Pakistan[END_REF]. Most part of this potential is in the northern area of Pakistan i.e. Azad Kashmir and KPK. Out of this potential, 6595 MW hydro power plants have been installed in Pakistan till the date. 3487MW is the biggest capacity of Tarbela dam power plant in Pakistan. Another claim for hydro power potential is as approx. 59 GW [START_REF] Rasul | Beyond hydropower: towards an integrated solution for water, energy and food security in South Asia[END_REF]. Nepal is a very small country as compared to its neighbors but its power production capacity is quite comparable to Pakistan and India. Bhutan also has a huge potential of 24 GW hydro power production capabilities. This is compared in Table 1.2 below. 

Summary of section 1.3 (Renewable energies for rural areas)

By viewing renewable resources potential in South Asian countries, it is obvious that there is no energy resources scarcity. To resolve problems, if things are managed well enough then energy can be provided to everyone especially in rural areas where all the agriculture is done. Rural electrification needs to be supported by some right energy and power policies from the governments. Then this potential can be harvested with the help of some re-used components with the frugal innovation.

Status of e-waste in South Asia

Twenty first century is considered as the most modern time in the history of human and electrical appliances and advancements in the electronic equipment have a big part in this progress. Smartphones made education easier and distant learning was never so easy. Computers are becoming faster day by day and internet is playing a pivotal role in the scenario.

Television, computers, mobiles, washing machines, electric ovens, many other electrical devices i.e. vacuum cleaner is studied at the end-of-life and it was estimated that only 47% of components can be recycled [START_REF] Parajuly | End-of-life resource recovery from emerging electronic products -A case study of robotic vacuum cleaners[END_REF].

Another case of transformers recycling for discarded micro-wave ovens is studied as well [START_REF] Ludois | Reuse of post-consumer E-waste for low cost micropower distribution[END_REF]. On average, 6.1 kg per person e-waste are discarded each year in the world [START_REF]Global E-waste Statistics Partnership[END_REF]. E-waste rose 8% from 2014 to 2016. In 2016, 44.7 million metric Ton waste was produced which was 3.3 million metric Ton more than 2014. This waste equals nearly to nine great pyramids of Giza in weight.

In South Asia, for almost population of 1.828 billion population in 2016, 3189 kilo tons of e-waste was generated and 4957 kilo tons of EEE (Electrical and Electronics Equipment) were put on the market the same year [START_REF]Global E-waste Statistics Partnership[END_REF]. According to this, 1.7 kg e-waste was produced per person and 2.7 kg EEE was put on the market per capita. In comparison to the whole world average of 6.1 kg, this is almost four times lower. These figures show the poor standard of life, education and electrical facilities for South Asian countries. E-waste generated in Europe, USA and China was 22.2, 19.4, 5.2 kg per capita respectively. The possible reason for Europe being a bigger consumer is that total population of the Europe is twice as of the USA. Section 13 of the Pakistan Environmental Protection Act 1997 [START_REF] Abbas | E-Waste Management in Pakistan[END_REF], prohibits the import of the hazardous waste and Section 14 disallows handling of the hazardous elements. In Pakistan, old computers, laptops and other electronics waste are imported under category of "second hand equipment" and then they are either sold directly if they are in good condition or may be repaired. If not, this equipment is burnt and some precious parts are extracted out of them. Meanwhile, a lot of poisonous gases omit and can cause medium level to extreme level diseases. There is no proper e-waste recycling available and no official and reliable records are available for e-waste. Only 2% of computers are useable out of these imported computers and rest is used for extracting the parts [START_REF]Emerging issue of e-waste in Pakistan: A review of status, research needs and data gaps[END_REF]. It can be seen from Table 1.3 that 1.42 million PCs have been imported. If we consider that 80% of these PCs have correctly functioning PSUs (~300W) then around 341 MW of solar panels can be handled with these PSUs as the charge controllers. This big power accounts for almost 4.8% of the power shortfall (~7000MW) in peak summer time for whole of Pakistan [START_REF] Kiani | Power cuts return as shortfall touches 7,000MW -Newspaper -DAWN[END_REF]. This can help utilizing the solar potential in Pakistan while using the discarded components and meanwhile it can raise the life standard of the people in the rural areas. Table 1.3 The average quantities per year of the major items imported to Pakistan [START_REF] Ilyas | Electrical and electronic waste in Pakistan: the management practices and perspectives[END_REF] In April 2014, the number of mobile users went to 137.68 million in Pakistan and in October 2018, it went to 152 million [START_REF] Zaffar | Electronic Waste Pollution -Environmental Occurrence and Treatment Technologies[END_REF]. In 2014, it was expected that sales of TV and monitors would increase by 12%. Computer sales were 409 million $ in 2014 and 432 million $ in 2015 with 5.8% annual increase in sales. Cell phone sales were enhanced by 9.1% as well. It is estimated that 50% of PC products are imported through illegal means. Some of the import lists are presented in the Table 1.4 [START_REF] Ilyas | Electrical and electronic waste in Pakistan: the management practices and perspectives[END_REF]. According to that, TVs are the biggest contributor with 6.414 kilo tons. PCs, laptops monitors and printers contribute around 2.2 kilo tons of EEE through import collectively in the name of the second hand items. If it is considered that on average; three years is their lifetime then about 8 kilo tons E-waste is being generated each year in Pakistan so there is a huge potential for second-hand products.

E-waste in Pakistan

Table 1. [START_REF] Kim | Second life of power supply unit as charge controller in PV system and environmental benefit assessment[END_REF] The major cities receiving the E-waste quantities in the name of UEEE [START_REF] Ilyas | Electrical and electronic waste in Pakistan: the management practices and perspectives[END_REF] Most of e-waste work is done undocumented and informally so no calculations are available regarding these. All of this equipment is received at the shop of the scrapers and then handled to concerned authorities for their specific use as indicated in Fig 1 .23.

E-waste has a lot of environmental and health issues associated with it. E-waste is responsible for the impairment of the immune system, decreased level of immunoglobulins against viruses, defected level of CD4 and CD8 immune cells, hypersensitivity reactions, lower level of various interleukins which includes IL-6, IL-1b, IL-27, lower level of NK cells formation and CR1 level in pre-school children [START_REF] Shah | Effects of E-waste on Immune System of Preschool Children[END_REF] [90] [START_REF] More | E-Waste in Pakistan; rise of deadliest crime and challenges -MoreNews[END_REF] [92] [START_REF] Zaffar | Electronic Waste Pollution -Environmental Occurrence and Treatment Technologies[END_REF]. Separately, these processes include emission of the toxic materials which can cause breathing problem (asthma), burning issues, eyesight issues due to glare etc. Some situations causing of these effects can be seen in 

Batteries

Batteries have become an essential part of many electrical and electronic systems from the smallest to the biggest applications. Around one million electric vehicles (EV) were expected to be sold in 2020 worldwide [START_REF] Hanjiro Ambrose | Driving rural energy access: a second-life application for electric-vehicle batteries[END_REF] [94] and batteries out of them were expected to come in the market till 2028. As these batteries for EV are mostly lithium-ion batteries they are still not very cheap and as a consequence, small EVs like rickshaw and motorbikes could be powered by lead-acid batteries in developing countries like Pakistan.

Most batteries used in Pakistan are flooded type lead-acid batteries which are meant to be used with vehicles. In the first decade of 21st century, Pakistan faced immense shortage of energy especially in the electricity. Alternate solutions were discovered and hence UPS (Uninterruptible Power Supply) were used as long backups for hours. At that time, same batteries mostly made for SLI (Starting, Lighting, and Ignition) purposes in vehicles were used with UPS as well. At the end of the first decade, solar PV hybrid systems started to become popular. Both flooded and dry type batteries were used with it. At that time, a lot of gel and AGM batteries were started to be imported in Pakistan and still this trend is going on. Due to more use locally, Besides vehicles, a big contributor to waste batteries is UPS, as a back-up solution in order to supply several PCs when the grid is down. According to Figure 1.28, around 280,000 UPS were installed in Pakistan and they have one-four batteries attached with them [START_REF] Gelani | Uninterruptible Power Supply (UPS) in Pakistan: Effects and Way Forward[END_REF]. On average it can be taken as two then it can be estimated that around 560,000 batteries were in circuit with UPS and if average life is considered as three years then this waste is expected to come in market till 2021.

Some strategies to recycle and reuse batteries are already in place [START_REF] Dutt | Life cycle analysis and recycling techniques of batteries used in renewable energy applications[END_REF] and the above numbers were mentioned to emphasize the possible impact of the batteries waste on the environment.

Summary of section 1.4 (Status of e-waste in South Asia)

 Television, computers, mobiles, washing machines, electric ovens and many other electrical and electronic devices are discarded in million tons each year.  In South Asia, for almost population of 1.828 billion population in 2016, 3189 kilo tons of ewaste was generated and 4957 kilo tons of EEE (Electrical and Electronics Equipment) were put on market the same year.

 So, this e-waste can be converted to second-life uses with some modifications if possible and can be used for betterment of the rural areas.

Reused components solution

UEEE and e-waste can be used in their second life in the developing countries especially in rural areas where there is a dire need of the energy and modern life facilities but no available solutions at an affordable price. Providing reliable and environmental friendly solutions through UEEE and e-waste is becoming popular nowadays. Such a solution has already been proposed in [START_REF] Kim | Contribution to the design and control of a hybrid renewable energy generation system based on reuse of electrical and electronics components for rural electrification in developing countries[END_REF] and can be seen in Fig. 1.29.

Solar PV modules have been documented and proved life of 25 years after which they still remain with 80% power production capacity [START_REF] Sandy | The Real Lifespan of Solar Panels -Energy Informative[END_REF]. Due to continuous changes in the technology of the solar panels, they might be discarded before and hence can be easily useable for smaller loads in the developing countries. Power supplies units (PSU) from the desktop computers can be used as charge controllers for Solar PV with some modifications suggested in including MPPT (Maximum Power Point Tracking) control.

Induction motors (which can be found all over the world at affordable price) can be used as a solution for the hydro power purposes as micro-hydro solution when the motor is turned into an induction generator. Induction machine is a variable frequency device and hence a controller is needed to regulate its voltage and frequency and this can be done by the inverters connected to the same network of the battery and solar panels. Induction motors also can be used as induction generators for the wind power if wind conditions are feasible for a specific area and can be used on similar model as of micro hydro.

As a central element in the system, batteries can play the most unreliable part among all the others in terms of the life expectancy. Consequently, a fast, reliable and cheap method is required for the batteries to test their SoH (State-of-health), either to choose to buy them or not at the shop around the corner or to monitor their degradation in the field. A lot of work has been done in the past but still this research problem is widely open and a healthy contribution is given in this doctoral thesis. The problem with second hand batteries is that no history is available and sometimes it is even difficult to know the exact manufacturer and in the worst cases, the battery characteristics. So, this research focuses on this missing link to know SoH of the lead-acid car batteries from a corner shop where batteries are discarded and in very short time with cheap resources. A reliable result is required to check if some of the batteries are still healthy for some smaller loads knowing the fact that no information regarding battery is available in any data sheet that have been lost since the first time it was set in the car. 

Conclusion

Around 850 million people in the world and 40 million people in Pakistan are without the electricity.

Providing electricity access to these areas can solve many issues like sanitation, hygiene, water quality, child labor, education and environment problems. As a solution to energy needs in the rural areas, a hybrid system from the second-life components can be used and can be an escape from the problems of education, health and environment.

South Asian countries power and energy information shows that the big countries in the region like Pakistan, India and Bangladesh are suffering to provide access to the electricity to the rural areas and still millions of people are without basic needs of a better life.

Different projects related to solar photo-voltaic, wind, bio-mass and small hydro are being implemented by the local governments and some non-government organizations to better help the issues of rural electrification. But still these projects are just some drops of water when a heavy rain is needed so there is more need to work for better solutions for rural electrification.

Television, computers, mobiles, washing machines, electric ovens and many other electrical and electronic devices are discarded in million tons each year. These e-wastes include a lot of equipment which can be used in their second life like charge controller can be made from the PSU (power supply units) from the desktop computers; the batteries can be used in their second life etc.

The potential for renewable energies in Pakistan is huge. So many local second-life devices can be re-used and combined in some electricity production and storage systems. This thesis will tackle one aspect of the problem.

Many people in the world still need the electricity; it is a factor of the development in terms of the economy, education, health. The poor in isolated areas are the most affected people. Major programs to resolve the basic problems are not enough and the rural electrification moving too slowly. People continue to use the fossil fuels which pollute and are dangerous. There are tons of EE and the batteries that can be reused. This would reduce the pollution and allow cheap, local electricity solutions. So considering the health, education and environment problems in South Asian countries, reused components in a small smart grid can be a good solution. Solar Panels, used batteries, power supplies from computers as charge controllers can make a good power system and it can be used as one solution for energy scarcity and still being cheap while using the second-life components which is good for environment. These systems work with battery to support when power from these resources is fluctuating. To buy those batteries from corner shops, one needs battery diagnosis with simple, fast, reliable, inexpensive and reliable methods. These should to be carried out in the street and not in the laboratory. To know if those methods exist, chapter 2 will present the literature review. After chapter 2, new methods will be presented and compared with already existing methods.

Introduction

South Asian countries are either developing or underdeveloped countries as presented from the statistics of the education, health, energy and rural area problems. The electricity could be a good way to solve some of these problems even rural electrification is still an issue in many cases. Moreover, all these countries want to take their share in the fight against the global warming and intend to develop the production of the electricity based on the renewable energies, which have a huge potential, still underexploited. Consequently, there is room for the local and small size solutions for the rural electrification assuming that they could be reliable and at a very affordable price.

The underdeveloped countries are not able to provide the electricity to a big chunk of their population especially the rural population. To provide cheap electricity for rural areas, a possible solution is to use components which are discarded and still can serve for some uses. For examples, the power-supply units (PSUs) are often still good enough in a computer when they are discarded and can be re-used for making dcdc converters. Solar photovoltaic MPPT and battery charge controllers can be an application for that. Like this, the solar panels still serve 80% power after twenty-five years life. In order to compensate the intermittence of renewable energies and the difference between the production and consumption during a day, the electricity storage is required. Fortunately, a huge number of thermal car engine lead-acid batteries are discarded when they are at 80% capacity of their actual capacity. Consequently, they can be reused for small loads in the second-life.

But lead-acid batteries are tricky things and their state of health remains sometimes difficult to assess in a cheap, fast and reliable way. These re-used batteries will be bought locally at the shop around the corner.

Local people who want to create a rural electrification system will have to select the best ones among a big pile. In this chapter, already existing SoH methods are studied along with possible gaps for the new and current methods. Battery types and their corresponding terms are first explained. Then, the battery modelling is shown. After that, the methods for State-of charge (SoC) and SoH are presented.

Batteries and their types

A battery is an electrochemical device to store the energy in form of DC electricity. Batteries can be of many types but according to the use, it can be stated as:

-Primary Batteries: these are mostly called as the cells and are one time useable. These batteries are mostly use for small applications like in the watches, clocks and calculators etc. -Secondary Batteries: these are rechargeable batteries and mostly used for the bigger applications like in the UPS, Solar PV systems, electric vehicles etc. Secondary batteries are mostly Nickel-Cadmium (NiCad), Lithium-ion (Li-ion) or Lead-acid types. The most commercially used battery type has been the lead-acid as it remained the cheapest solution for more than a century. Lithium ion batteries are becoming the best option for many applications and many efforts are now being put to make them cheaper than before but still this is an expensive option but with better life-time expectancy options. Nevertheless, due to their low cost and very large availability worldwide, only lead acid car batteries will be considered.

Basic terms for batteries

There are some necessary terms associated with the batteries which will be used a lot in the coming chapters and work presented in this thesis. So, those terms are briefly explained below for the understanding:

Battery capacity

Battery capacity is defined by the product of the current drawn from the battery and the time of discharge till a certain voltage (10.8V normally for lead-acid battery) [START_REF] Abdi | Fuel Cells[END_REF]. This can be defined also as the energy in the battery divided by its rated voltage (12V for the lead-acid battery). Battery capacity is rated in Ampere-hour (Ah). For a load of 24 Watts to be provided by a 12V 20Ah, battery, then 24/12= 2A load can be run for ten continuous hours on a fully charged battery before it gets empty. According to the Peukert"s law [100]:

where k is the Peukert"s constant which varies between 1.1 and 1.3 [100]. Peukert"s constant is used to compensate the battery capacity when the current is more than C10 (10-hours) and it helps to know the capacity on higher discharge currents. Battery capacity is symbolized with C or Q. In this thesis, it will be used as C.

Cut-off voltage

Different batteries can be discharged up to a certain level. Their level is mostly judged by the voltage of the battery and hence called as the cut-off voltage [100]. Lead-acid batteries have cut-off voltage as 10.8V mostly to show no charge. For the lithium-ion cells, this voltage appears as 3V and it can vary depending on the chemistry of the cell type [START_REF] Adafruit | Voltages | Li-Ion & LiPoly Batteries | Adafruit Learning System[END_REF].. It is mostly recommended to discharge the lead-acid batteries not more than 70-80% while 50% discharge is best to get maximum life and benefits. Lithium-ion batteries can be discharged easily till 80% as commercially accepted [START_REF]Batteries: Lithium-ion vs AGM -Victron Energy[END_REF]. Nickel batteries can be discharged 90% [START_REF] Samuel | Storage and Hybridization of Nuclear Energy[END_REF]. For Nickel batteries, cut-off voltage is 1 V/cell [START_REF] Warner | Epitaxial FET cut-off voltage[END_REF] 

Open circuit voltage

When a battery is left without any load, its voltage slightly tends to go up and stables to a level, which is called as the open circuit voltage, in some hours. When a battery is discharged, the energy level goes down and it is represented by the terminal voltage of the battery. [START_REF]Open Circut Voltage Test -Master Instruments Australian Rechargeable Lithium Battery & Lead Acid Batteries[END_REF]. Lead-acid battery discharges itself and in result, the open circuit voltage goes down a little. Calendar ageing affect the battery open circuit voltage as with passing time, the open circuit voltage goes down with self-discharge.

Depth of discharge (DoD)

How much a battery is discharged according to its full capacity is called as depth of discharge (DoD) i.e. how much a fully charged battery is discharged [START_REF]What is Depth of Discharge and why is it so important? | Federal Batteries | Leading Battery Brands | The Best Battery Solutions[END_REF]. DoD can be written in terms of SoC as below:

( ) ( )

State of charge (SoC)

This is rated as how much the battery is charged at the moment and from the name, it can be understood easily [START_REF] Garche | Encyclopedia of Electrochemical Power Sources[END_REF]. SoC is 0% for the empty battery while 100% for the fully charged battery. Suppose if a battery is 30% charged then its SoC is 30% and DoD is 70%.

Internal resistance

If a certain current is applied on the battery for some time say ten seconds then a voltage drop is seen, dividing both gives the internal DC resistance:

Internal Resistance

The internal resistance of a battery is often a subject of the discussion as it can be used for SoC and SoH estimation [108] [109]. This resistance can vary a lot depending upon the current applied, time of the current applied, SoC, age of battery and temperature. More temperature means more resistance, less current means more resistance, low SoC means more resistance and aged battery presents more resistance as well. More duration of the current applied means more resistance as well. This parameter is a highly inaccurate one to rely on for ageing as it varies out of bounds some times and difficult to handle in use for SoC and age prediction of the battery [START_REF] Tseng | SOH Estimation of lead acid battery by the variation of equivalent circuit parameters by the deterioration[END_REF] [111] [START_REF] I-Kun | SOH estimation of lead acid battery by artificial deterioration[END_REF].

The AC resistance is more reliable parameter which can be derived from an Electrochemical Impedance Spectroscopy (EIS). A small AC electrical signal (Voltage or Current) is applied to the battery and the response corresponding to its complex impedance can be plotted in a Nyquist plot. This is more accurate than the DC resistance and hence can be relied on but this includes a lot of information and could be difficult to plot (due to the noise) and to read. Still, no reliable formula is available to predict the health or SoC from this information [109] [113] [114] [START_REF] Majchrzycki | Electrochemical impedance spectroscopy and determination of the internal resistance as a way to estimate lead-acid batteries condition[END_REF]. It is discussed more in detail in the coming pages.

State of health (SoH)

How much a battery retains its capacity as compared to when it is new, is called as State-of-health [START_REF] Coleman | State of health determination: Two pulse load test for a VRLA battery[END_REF]. Battery health is a semi-solved problem and yet a lot of research is still going on currently. This thesis is about the health of the battery or the State-of-Health evaluation. Battery Management System (BMS) sometimes uses the SoH as one tool for controlling the charging and discharging of the battery. In this situation, the battery is attached with the system and the history of the battery is generally well known. Some methods exist [117][113] in this case to evaluate SoH. But when batteries come out of the thermal engines cars or from the systems with no expensive BMS (Battery Management System), the history of batteries is not available and hence evaluating the SoH becomes difficult. This problem is tried to be solved in this thesis.

SoH can be defined as

( ) ( ) ( )
SoH can be evaluated if the current capacity of an old battery is known by dividing it with the capacity of the new battery.

Self-discharge

If the batteries are stored for months then their open circuit voltage goes down a little and its SoC goes down as well. This is called as Self-discharge and the batteries need to be charged again after some months if stored long enough. This behavior is represented by a parallel resistance in modelling behavior of a battery. A lead-acid battery can discharge almost 3% per month [118] and if it is stored for long duration then it should charge after six months.

Battery life-time

Battery life-time is an important parameter in terms of ageing. Mostly this is rated in terms of the cycles. One cycle is called if a battery is discharged down to its nominal DoD and then fully charged again. Lead-acid batteries have some hundreds of the cycles for the whole life time.

End-of-life (EoL)

This term is also being used sometimes in the literature to indicate that the battery is finished with its life. Mostly it is rated as 80% of SoH or the double of the new battery resistance for the first life batteries [START_REF] Casals | Evaluation of the end-of-life of electric vehicle batteries according to the state-of-health[END_REF]. EoL criteria for the second-life batteries is set as SoH<10% or internal resistance increase of 12 times as compared to the new battery resistance in this thesis. The reasons will be further explained in the next chapter.

Battery efficiency and C-rate

C-rate is defined as the time of charging (or discharging) the battery divided by the charging (or discharging) current. For example, if a lead-acid battery with 22Ah is discharged at current of 10A, then the time of discharge should be 2.2h till the cut-off voltage (10.8V) and C-rate is (2.2/10). Mostly C 20 rate is a standard to quote a battery capacity i.e. discharging in 20 hours will give full capacity of the battery.

Chemical terms

Some chemical terms for the lead-acid batteries are described here.

Corrosion:

When any element reacts with the oxygen or does a reduction reaction and makes an oxide permanently, it is called as corrosion [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Sometimes it is called as the rusting in non-technical terms. Pb and PbO 2 terminals can corrode with the passing time and it adds to the ageing of the battery hence internal resistance increases.

Sulphation:

When the battery is discharged, the sulphate from the electrolyte comes to both the electrodes and PbSO 4 is formed which is called the sulphation. During charging, this sulphate goes back to the electrolyte [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Some quantity of the sulphate reacts permanently with the electrodes and never goes back to the solution and sticks with the electrodes. This contributes to less surface area available for the reaction with the electrodes hence the capacity of the battery goes down with the time and contributes to the ageing.

Acid stratification:

In the electrolyte, concentration of the sulphate varies from the bottom to up, it is called as the acidstratification while in discharging, inhomogeneous sulphation occurs on the electrodes and it is responsible for the ageing of the battery [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF].

Gassing

To balance the acid stratification, a counter phenomenon (gassing) happens naturally in the battery. So the oxygen and hydrogen release from the electrolyte and in some batteries a valve is provided for the evacuation of the gasses [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF].

Degradation of active mass:

In the batteries on the grids, a chemical paste (made of lead dioxide) is applied for the better conduction of the electrons. Due to the above explained phenomena; the degradation of this active mass happens and can contribute to the ageing [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Due to sulphation sometimes, chunks of the electrodes separate from their origin and fall into the electrolyte (shredding).

Lead-acid batteries

Lead-acid batteries are mainly made of the lead (Pb). There are two electrodes made of Pb and PbO 2 while electrolyte is H 2 O+H 2 SO 4 . Main reaction is as followed for both the charging and discharging:

When battery is fully charged, left side reactants of the reaction equation are present and when the battery is fully discharged, right side reactants dominates fully. Both the electrodes are sulphated in a state of being fully discharged and the sulphuric acid is converted into the water. Acid concentration can be measured and SoC can be measured through it but only in the batteries where the electrolyte can be accessed. This is only applicable in the flooded type lead acid batteries. There are some types of the lead-acid batteries used in different applications, that will be listed and briefly described hereafater.

Flooded-type lead-acid batteries: These are the batteries where the electrolyte is accessible and available in the liquid form. These batteries are mostly used in the cars for SLI (Starting, Lighting, Ignition) and are made cheap. They generally handle a less number of the cycles because of their heavy use. More instant power is required from these batteries to start the car engine during the ignition. Besides, they are merely used for some lighting applications or to supply the power to the accessories. After the start, batteries are charged from the power coming from the engine thanks to the alternator and a diode bridge. Electrolyte needs to be checked regularly as it can dry and the battery can corrode in some time. Some flooded batteries are also designed for the deep-discharge (around 80%) like OPzS tubular plate batteries use as well. OPzS battery becomes deep discharge battery due to addition of calcium which gives it mechnical strength.

Dry lead-acid batteries:

The electrolyte is not liquid anymore and it is either in the gel form or semi-solid form. In the AGM (Absorbed-Glass Mat) gel type batteries, gel is fully dry and in the AGM battery type, a semi-solid electrolyte is available. Both types are sealed and a regulated-valve is provided to release the gases from the batteries hence called VRLA (Valve-regulated Lead-acid) batteries. These batteries are costlier than the flooded type batteries and are used in the deep-discharge applications like UPS, Solar PV off-grid and hybrid systems. For example, in the off-grid systems, the batteries might be used till 80% DoD. These batteries have more lifetime than their counterparts. The reason for more life is that their electrodes are thick in the size than in the flooded type batteries so they can bear the deep discharge and mechanically, they do not become weak.

Car batteries

Most batteries used in the cars are the lead-acid flooded-type batteries and are mostly used for SLI applications. Some cars have dry lead-acid batteries which are used for hybrid purposes like in the Toyota Prius. This car uses batteries for electric driving below a certain speed. Above that speed, it is run by its thermal engine and the batteries are charged. Nowadays, lithium ion batteries are used in the electric cars due to their increased reliability. In this thesis, only lead-acid car batteries used for SLI applications are concerned as they are still in abundance and are mostly available in the third world and poor countries. These batteries can be used in their second life for small scale applications and their cost in the second life is very low and accessible for the people in the poor areas without access to the grid in the remote areas of the country.

Battery models 2.6.1 Simple battery models

Battery models depend on the application. They can be either defined just to implement the behavior of the battery i.e. when the battery is discharged deeply, plotting its voltage behavior against the current demand and the time. Then if the battery is discharged just for few seconds then a steep change in the voltage can be observed, it is called the fast response behavior and it is very abrupt i.e. the voltage drops suddenly when the load is applied and recovers fast when released. These two types are explained hereafter.

Deep discharge battery model

There are many models available for simulating the deep discharge behavior of a battery. Some are based on equations for the general results and some are developed using manufacturer"s datasheets for a particular capacity. Hereafter, ageing perspective will be discussed for these types of models. Although the models referenced here are not designed specifically for the ageing use, they can be converted and used with some common sense for the battery ageing modelling where ageing in terms of the deep discharge is required [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF][122] [START_REF] Raszmann | Modeling stationary lithium-ion batteries for optimization and predictive control[END_REF][124] [START_REF] Bajracharya | Dynamic Modeling, Monitoring and Control of Energy Storage System[END_REF]. As discussed, the deep discharge behavior can be modeled with the Shepherd equation (2.1) and the modified-Shepherd"s equation (2.2), which have been introduced in [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF] [START_REF] Shepherd | Design of Primary and Secondary Cells: II . An Equation Describing Battery Discharge[END_REF][123] [START_REF] Li | Study of battery modeling using mathematical and circuit oriented approaches[END_REF]. The difference between both the equations is of the exponential zones of the battery voltage during the charge and discharge periods [START_REF] Raszmann | Modeling stationary lithium-ion batteries for optimization and predictive control[END_REF]. But making it usable for the ageing includes just manipulating the value of the Ah capacity (i.e. C). The term in the equations which includes capacity (C) is responsible for accumulating the charges then it is subtracted from the initial voltage i.e. the major portion in the curve is developed by this term (linear part) and other terms constitute only the last part of the discharge curve (non-linear part).
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In equations (2.1) and (2.2), V(t), Eo are the battery terminal voltage and the internal battery source voltage respectively. The discharge current is represented by i(t), battery capacity by C, the internal resistance by Ro and A, B, K are constants derived from actual battery curves which can be gained from either experiments or from datasheets. Eq. (2.1) represents the Shepherd"s mathematical expression and eq. (2.2) represents the modified Shepherd"s mathematical expression. Its application is further discussed in the next section.

Fast response battery model

Whenever there is a need for modelling the dynamic behavior of the battery i.e. generating the fast responses of the battery, different types of equivalent circuits are available in the literature [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF], [START_REF] Raszmann | Modeling stationary lithium-ion batteries for optimization and predictive control[END_REF][124] [START_REF] Bajracharya | Dynamic Modeling, Monitoring and Control of Energy Storage System[END_REF]. They associate the resistors, capacitors and inductors in the different models and sometimes, diodes are also included. A very simple model is composed of a voltage source with an internal resistance in series. An improved model, called Thevenin model, is composed of a voltage source in series with a resistance and a parallel resistance-capacitance branch, which can be seen in figure 2.1. Some models include a capacitor instead of the voltage source. Another one is considered as a second-order model [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF] with a second parallel branch of the resistance-capacitance for more accuracy but with more complexity as well. All these models were studied in the literature and the topic of interest here is using them for the ageing modelling. The reason not to include the second order elements and all the other models related to the transient response discussed in the next section is that the Thevenin"s model is simple and provides a sufficient level of accuracy for the fast response battery ageing model [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF], [START_REF] Raszmann | Modeling stationary lithium-ion batteries for optimization and predictive control[END_REF][124] [START_REF] Bajracharya | Dynamic Modeling, Monitoring and Control of Energy Storage System[END_REF]. Literature relates that the internal resistance increases with time so, the resistance-capacitance branch can exhibit a variable behavior throughout the ageing process [START_REF] Tseng | SOH Estimation of lead acid battery by the variation of equivalent circuit parameters by the deterioration[END_REF][111] [START_REF] I-Kun | SOH estimation of lead acid battery by artificial deterioration[END_REF] . 

Models for battery ageing

Other battery models include the ageing behavior. When a battery gets older, the battery resistances and other parameters change while the battery voltage changes as well. Even the coup de fouet region changes when the SoH goes down for a battery [START_REF] Delaille | Study of the "coup de fouet" of lead-acid cells as a function of their state-of-charge and state-of-health[END_REF]. Coup de fouet is the recovery of the battery voltage when a battery is discharged. Firstly, the voltage drops then it recovers a little to make a knee curve under the load. It will be explained in the next sections in detail. These behaviors can be somehow modelled in different ways as two of them are explained hereafter, the empirical sulfation model and Schiffer"s model.

Battery ageing

An aged battery will have less capacity (Ah) when it is being discharged. There are many reasons for the battery ageing. Cyclic ageing means that whenever battery is charged and discharged, it loses some capacity and calendar ageing means that a battery loses some capacity with the passing time either if it is used or stored. Ageing of the battery is represented with the SoH in percentage. Battery ageing varies with the passing time and use, so it needs to be included in the battery modelling. Two of the models are described below to model the ageing of the battery.

Empirical sulfation model

It is always desirable to have estimations of the internal resistance increase with the ageing. Several papers [START_REF] Tseng | SOH Estimation of lead acid battery by the variation of equivalent circuit parameters by the deterioration[END_REF] [111] [START_REF] I-Kun | SOH estimation of lead acid battery by artificial deterioration[END_REF] [127] tackle this problem, but this estimation is quite difficult because it is dependent upon a lot of factors and using these entire factors make the model more complex and not always very accurate.

For simplicity reasons and because of the lack of experimental data, only three factors are used in the following model to provide a relationship between the resistance and ageing [START_REF] Franke | Empirical sulfation model for valve-regulated lead-acid batteries under cycling operation[END_REF]. Equations (2.3)-(2.5) from [START_REF] Franke | Empirical sulfation model for valve-regulated lead-acid batteries under cycling operation[END_REF] and their validation can be seen in figure 2.2.

( ) In these equations, R i is the internal resistance which is dependent on x number of cycles, t cv is the charge voltage time (after "current charging" there is a "voltage charging" mode) and I -is the discharge current. Please note that the above described three quantities are introduced in the empirical sulphation model and these quantities need to be noted all through the ageing process. Getting the resistance value from these equations can be attached to the previous discussed models and the ageing effect is then easily studied for the dynamics of batteries. Nevertheless, there are certain other parameters which are not considered here i.e. temperature and depth of discharge (DoD). Adding these parameters in an empirical estimation would make results more precise but the model more complex. This model will be used in the next chapter for making a comprehensive modeling to introduce cycling with the ageing. This model will be added with the fast response model to change the resistance in it with the ageing then the fast response of the battery can be studied with the ageing.

(t cv ) ( ) (2.3) ( ) (2.4) ( ) 0.93 (2.5)

Schiffer's model

The so called Schiffer"s model [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF] is a very good representation of the ageing mechanism of the battery because it considers almost every process involved in the ageing i.e. corrosion, acid stratification, gassing, sulfation and sulfate-crystals growth, degradation of the active material. This model is developed so that the effect of these chemical phenomena can be explained in terms of the electrical quantities like the battery voltages and capacity loss. It has very good coordination with the real time results thanks to two factors involved in the battery capacity loss i.e. the corrosion and degradation of the active material.

Due to the corrosion, the internal resistance increases. The usage of the battery degrades its active material along the cycles. It is stated in [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF] that 20% capacity degradation is caused by the corrosion and 80% degradation is caused by the active mass degradation (mostly due to sulphation). Another important thing is the number of "bad" incomplete recharges i.e. charging the battery below 90% SoC and not charged up to 100%. Low DoD and time since the last full recharge also matter a lot towards the ageing and the cycle uses of the battery. Some simulation results are shown in figure 2.3a from Schiffer"s model and compared with the actual data of the battery capacity, the SoC is also shown. It can be seen that the SoH is predicted with very good accuracy while SoC is presented as well. This method has benefits in the renewable system designing problems where the battery cost matters a lot and when it is necessary to analyze the battery life i.e. in designing the solar off-grid, solar and wind hybrid systems. This model can be used widely for the optimization of the battery cost when a system is planned. Moreover, it is quite good when history of battery is available then the battery life can be predicted easily.

On the contrary, in case of absence of the history of battery (a random battery from some system with unknown prior usage), it is very difficult to predict the remaining life of the battery and number of possible cycles. Besides every benefit of this model, it is very complex to implement and the computational resource requirement is high as well.

To make it simpler and to use some of its features, some other additions are presented in [START_REF] Bashir | Lifetime maximization of leadacid batteries in small scale UPS and distributed generation systems[END_REF]. In this paper, authors tried to develop a model for a battery used in UPS (Uninterruptable Power Supply) where the battery full charge is a rare instant due to the grid instability and in parallel, tried to make a simple model out of Schiffer"s model. An algorithm is derived, based on three factors out of Schiffer"s model to control the battery charge: number of "bad" recharges, lowest DoD ever reached and time since last full recharge. The main purpose of this study is to access the future battery life by checking these parameters but corrective measures can be taken as well, before the battery is deteriorated completely due to the bad charging when the grid is unstable. So, this technique if followed can help achieve the better battery lifetimes. In this work, the charging of the battery is prioritized either from the solar or grid because it affects the battery life with bad number of charges etc. This algorithm decides which source should be adopted at what time and this optimization increases the battery lifetime. The results from this method are shown in figure 2.3b where prediction is compared with the base cases. The two base cases are based on different load-shedding patterns and capacity of the batteries. It can be seen that with this technique, battery life is increased considerably. Again it is an application of Schiffer"s model so it is also a history dependent method. This model is very complex and requires a lot of resources to use it. And it requires providing the chemical phenomena details which is not available when a battery is closed. This model cannot be applied in the field because of the requirements. The distribution of the corrosion and sulphation given in this model as described in above paragraphs will be used in a new method in the chapter 4.

Summary of section 2.5 (Battery models)

 Different types of the equivalent circuits are available in the literature based on the resistors, capacitors and inductors and sometimes diodes are also included.  Empirical sulphation model and Schiffer"s model are two models from the literature which are designed to see the battery behavior with the ageing and also prediction of the battery capacity at a specific time. But they are not enough for our use as they are history dependent and quite complex to be used. Empirical sulphation model can be inaccurate because it depends on very few parameters for prediction.

Methods for SoC Evaluation

SoC evaluation is very important in battery operations and also it is required in some methods for the evaluation of the SoH. The SoC represents the amount of the charge in the battery or energy in the percentage. The SoC accuracy is different in all the methods and those methods may be suitable depending upon the application. As the battery is discharged, the SoC goes from 100% to the lower values (~20%). Some of the methods are presented here:

Instantaneous measurement methods 2.7.1.1 Deep discharge test

This is rated as one of the most authentic type of the test to check the SoH and SoC of the battery i.e. just discharge the battery for rated C-rate and then check the SoC. But this is a very time consuming method and it costs a battery cycle every time and affects the battery life itself. In this thesis for developing and characterization purposes, this method is used to compare the results with the other methods due to its reliability.

Ampere hour counting

The other name is Coulomb counting method and it is a well-known method for measuring the SoC of the battery. As the name shows, it measures and integrates how many amperes are charged or discharged during how much time. If the initial SoC is known then it can be subtracted from the value calculated and updated value of the SoC can be fetched [START_REF] Ng | An enhanced coulomb counting method for estimating state-of-charge and state-of-health of lead-acid batteries[END_REF]. The equation is described as

∫( ) ( )
Where C rated is the rated capacity, SoC 0 is the initial SoC, I batt is the discharge current and I loss is the current due to side reactions and losses. This method is dependent on a measurement of the current accurately which could be expensive and could lead to false results if the current value is not accurate enough. It is mostly helpful in evaluating the SoC when it is used with a battery system. An updated version of this method is called the modified Coulomb counting method where a corrected current I c is used instead of (I batt -I loss ).

( )

Here constants k 2 , k 1 and k 0 are calculated from the experimental data. And then the equation (2.6) becomes

∫( ) ( )

Since this method is time taking and history dependent, it will further be not used in the next chapters for estimating the SoC values.

Measuring the electrolyte physical properties

Electrolyte consists of the water and sulfuric acid. When a battery is charged or discharged, concentration of the acid goes up and down in response. Hence this acid density can be measured and be used for the SoC measurement. Acid stratification, water loss can be problems with this method and can be avoided by mixing the acid well and refilling the water when needed. This is only valid for the flooded batteries which are open for the water in-take. AGM and Gel type batteries cannot be tested with this method. This method will not further be used because the batteries experimented in the next chapters; do not give access to the electrolyte.

Open circuit voltage

Open circuit voltage is a good indicator for measuring the SoC but it can be tricky as the open circuit voltage varies with the time after charge or discharge of the battery and it requires some days to rest fully at a point which can be taken as a reference point for a SoC value. There is a linear dependence between the SoC and voltage [START_REF] Piller | Methods for state-of-charge determination and their applications[END_REF] which is shown in figure 2.4. Please note that this is valid for all the type of the lead-acid batteries. This method will be just discussed a little in the next chapter but will not be used further due to its limitations. It will be shown in the next chapter that the open circuit voltage can be very tricky for the SoC estimation as there can be some old batteries which look good in the SoH evaluation but after a little discharge, their voltage decreases sharply. This relation is linear but tail of the curve is non-linear so this method is mostly applicable from 100%-20% SoC. This trend remains valid for all the type of the lead-acid batteries. This discharge curve can vary with temperature and load current but the shape of the curve remains same. There is a thing to be carefully noticed that the terminal voltage can vary according to the discharge current or C-rate so it can be standardized for some C-rate. This terminal voltage can be tricky as well because for same current value, the voltage value can be different for different aged batteries. So, this method can be used for the first life batteries (up to 80% SoH) because it would produce small error. But for the second-life batteries, this method can produce big errors and is not suited to the second-life batteries. Itt will not be used in the next chapters. 

Coup de fouet

Coup de fouet is a phenomenon happening in the battery when it is discharged. First, the battery voltage dips and then recovers. This recovery of the voltage is referred as coup de fouet [START_REF] Pascoe | Coup de fouet based VRLA battery capacity estimation[END_REF] as shown in figure 2.7 and two quantities are referred as the trough and plateau voltage. It can be used as the SoC indicator in the limited applications where the battery is mostly in a full charge state as it happens after the full charge state of the battery. Noting the fact that the difference between the plateau and trough voltage varies with the stateof-charge, it can be used for the SoC estimation. The problem with this method is that it does not have any standardized formula for the SoC evaluation. Additionally, this difference between the plateau and trough voltage also varies with the ageing so it can be confusing when both the quantities need to be evaluated. Further, this method will be used in the coming chapter due to its limitations explained. 

Internal resistance method

Normally, DC resistance is found by applying a DC load for some time and using the voltage drop to calculate the resistance by dividing the current applied as visible in figure 2.8. The internal DC resistance value can vary a lot depending on the time of the discharge. But if the time can be fixed in milli-seconds then the measured part is mostly ohmic [START_REF] Piller | Methods for state-of-charge determination and their applications[END_REF] and this ohmic resistance does not vary with the time of the discharge. Only variation in the ohmic resistance is possible when the SoC, SoH or load applied (current) is changed. When the current is increased, the DC ohmic resistance value decreases and hence reaches the minimum level at the short circuit current. This trend can be observed in figure 2.9. So, it is concluded for the ohmic DC resistance that it can remain fixed if the SoH, SoC and current do not change. If the current and SoH are same then the variation can be associated to the SoC only. In other words, if the SoH does not vary and the load applied is fixed then the variation is due to SoC. So, this method can be applied but in a limited domain and assuming that the SoH remains constant, which is not frequent.

One possible disadvantage of this method is that it can be highly inaccurate and can produce false results when the internal DC resistance is considered. Please note that this internal DC resistance is consisting of two parts; one is ohmic and the remaining can be said charge transfer resistance. So, the time of the load application, experimental inaccuracies and temperature variations make it an inaccurate method but on other end, it is very cheap. This method can also be confusing if both the SoH and SoC have to be found. This method will further be used only for the SoH assessment (and not SoC evaluation) in the next chapters then it will be decided if it is feasible for the SoH evaluation. 

Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a technique widely used for assessing the battery conditions from inside i.e. the chemical health of the battery. A test signal at different frequencies from several kHz to mHz is applied at the battery terminals in form of the sinusoidal wave. If the voltage is applied then the current response is studied and vice versa. The voltage and the current are complex numbers and their division gives the complex impedance which is plotted as a Nyquist diagram. It can be seen in figure 2.10 for different states of charge that a clear pattern is visible in the ohmic resistance (where the curve cross the x-axis) as the SoC is going down with increasing resistance (from left to right in figure 2.10).

The shape of the whole curve changes when the SoC varies but only the ohmic resistance is yet considered for the SoC evaluation. This ohmic resistance can vary as well with SoH which can be a confusing case. So, one should be sure of the SoH of a battery every time to figure the SoC correctly when measuring with the EIS. Again, this method can be confusing when it comes to the evaluation of the SoH and SoC measurement at the same time. SoH assessment with the EIS will be discussed in the next section and further, this method will be used only for the SoH evaluation. 

Using internal resistance and terminal voltage

As previously explained, the internal resistance changes with SoC and can be highly inaccurate. It can give wrong results if the measurement has some error. For the other method, based on the terminal voltage measurements, there are some disadvantages as this voltage can vary with the different loads for the same SoC. So, a better hybrid approach is reported using both them with their gradients [START_REF] Sato | A new estimation method of state of charge using terminal voltage and internal resistance for lead acid battery[END_REF] and equation is reported as

(2.9)
Here V is the terminal voltage and R is the internal Resistance. It can give some good results as can be seen in figure 2.11. The parameters are determined from the measured data by the least square error (LSE) method. This method requires evaluating a lot of parameters like the internal resistance and voltage. Then, their derivatives need to be known as well. All this process is done for just evaluating SoC. This process is quite unlikely for the field work where the process should be cheap, reliable and fast. Please remember that the aim of this thesis is to evaluate the SoH but the SoC evaluation is just to help out some SoH processes. This is the reason why this method will further be not considered in the coming chapters. 

Two-pulse method

The two-pulse test is explained in detail in the next section. It can be seen in figure 2.12 that two pulses of the load current of certain A are applied for ten seconds with a pause of ten seconds. The first pulse is applied to remove the effects of unknown history of the battery and then a second pulse is applied to do the test. V MAX can be seen in figure 2.12 in the voltage response of the battery just before the second current pulse is applied and the voltage starts to decrease again. V MAX truly depends on SoC as reported by the original authors of the paper [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. Varying capacities do not impact the V MAX value (the different capacity batteries are tested under 20A current as can be observed in figure 2.13). It represents the different C-rate for each battery so it proves that the V MAX is independent of the current value. It is a very cheap and fast way to know the SoC of a battery. The formula for the SoC evaluation is as below. Here β is the difference between V EMF and V MAX as explained in the equation 2.11 and its value is 0.24V ± 0.6 as quoted by the original claim which is applicable for all capacities of the batteries. EMF MIN is the last point of the voltage where relationship between the voltage and SoC remains constant which is mostly 11.4 @ 20% SoC and α is rate of change of the voltage w.r.t. the SoC and can be found from figure 2.13. Another equation from a paper [START_REF] Marchildon | SOC and SOH Characterisation of Lead Acid Batteries[END_REF] is as follows.

( )

More discussion is done in the next chapter on this specific use of the two-pulse method as SoC evaluator. One advantage of this method is that it can evaluate both SoH and SoC when they are unknown. This method is fast to process while taking only 20 seconds for the SoC evaluation but it also requires discharging the battery a little which changes its state. Additionally, this method is not very efficient for very old batteries due to discharge and sometimes voltage can go below 10.8V (cut off voltage). It will be further used for the SoC evaluation in the coming chapters.

Recursive methods:

These methods work on the basis of continuous data and can recursively process it. With the passing time, error decreases in the prediction. Kalman filters can be used for measuring the SoC of the battery as well. Real-time battery SoC estimation is done with the Kalman filters in [START_REF] Xu | Kalman filtering state of charge estimation for battery management system based on a stochastic fuzzy neural network battery model[END_REF]. SoC estimation based on the extended Kalman filters is reported as well [START_REF] Barbarisi | State of charge Kalman filter estimator for automotive batteries[END_REF]. Unscented Kalman Filters (UKF) are reported to be better than Kalman filters for SoC estimation [START_REF] Zhang | State-of-charge estimation of valve regulated lead acid battery based on multistate Unscented Kalman Filter[END_REF]. Other several methods have been reported namely; fuzzy neural network [START_REF] Li | A merged fuzzy neural network and its applications in battery state-of-charge estimation[END_REF], fuzzy logic method [START_REF] Salkind | Determination of state-of-charge and state-of-health of batteries by fuzzy logic methodology[END_REF], RBF Neural Network [START_REF] Hongyu | Estimating the state of charge for Ni-MH battery in HEV by RBF neural network[END_REF], BP Neural Network [START_REF] Chang | The State of Charge Estimating Methods for Battery: A Review[END_REF], adaptive systems [START_REF] Watrin | Review of adaptive systems for lithium batteries state-ofcharge and state-of-health estimation[END_REF], support vector machine [START_REF] Hansen | Support vector based battery state of charge estimator[END_REF] and some hybrid methods. These are not further discussed due to being costly or complex. All above discussed methods are summarized in table 2.1.

Methods for SoH evaluation

There are many methods for the SoH evaluation and they can be used in certain conditions and may have very limited application. Here, some of the well-known methods are discussed along with their limitations, which are cheap and can be used without having the history of the battery. Additionally, complex methods which are data-dependent are also presented briefly as they are difficult for the common uneducated people to implement and they require more resources which are scarce in the developing countries where the second-life batteries have more possible applications. ( )

where R old is the resistance of an old battery, R new is the resistance of the new battery and R b is the battery under observation. This method is highly inaccurate as it depends upon the current value I, SoC, SoH, temperature and duration of the load current. In addition, the internal DC resistance is an estimation of the high frequency Ohmic Impedance at the short circuit current as shown in figure 2.9. Due to this, the method estimates only the ohmic ageing losses and it completely misses the ageing due to not evaluating any factor for sulphation (a phenomenon in the battery which causes the ageing) which is important as well in the SoH evaluation. If the current value is increased, the resistance decreases in the response, as it can be seen in figure 2.9. When the temperature is changed, the internal resistance changes as movement of the ions changes [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF]. With decreasing the SoC and SoH, there are proofs that the internal resistance increases as can be seen in figure 2. A new approach has been reported recently using the same internal DC resistance method [START_REF] Dulout | Working towards greener golf carts -A study on the second life of leadacid batteries[END_REF]. This has been done for golf cart lead-acid batteries which are discarded in a big number. This approach is as follows:

1. First batteries can be sorted on the basis of the internal resistance, 2. Then batteries with similar resistance values are put together in the group, 3. The evolution of the batteries in terms of the internal resistance and the evolution of the battery even at user sites are monitored for some months.

Some results are shown in figure 2.15a from this approach and differences in the open circuit voltage and loaded voltage are plotted against the load current. In figure 2.15a, different colors show the different battery packs created from step 2 as explained above. The voltage in figure 2.15a is the difference between the open circuit voltage and the loaded voltage which is actually the voltage drop due to the load. So for the same value of the current, if a point is on right of the graph then the resistance is higher and the battery is bad in the health. In the figure 2.15a, the resistance is increasing from the left to the right, so the points on the left are representing the healthy batteries. In figure 2.15b, users made some measurements and it can be seen that the same batteries are producing the different values in two different measurements because of the different open circuit voltage and current measurements. It has already been reported that if the current quantity is kept low then the resistance values become more and measurements become inaccurate. To have these methods working better, a current value should be standardized and kept constant throughout the process to have the same criteria for everything. This method will be only used for the SoH evaluation in the next chapters because it can only be used either as the SoH or SoC at one time. To summarize, this method is one of the oldest method and one of the most inaccurate ones when the second-life batteries are considered for the SoH evaluation.

Two-pulse method

This method is based on the characterization of the new batteries [START_REF] Coleman | State of health determination: Two pulse load test for a VRLA battery[END_REF][117] [START_REF] Marchildon | SOC and SOH Characterisation of Lead Acid Batteries[END_REF]. The two pulses at a certain load current are applied then the voltage difference is noted as shown in figure 2.12. From the voltage difference , C-rate (Charge rate) is acquired from equation 2.14. The remaining capacity can be deduced from the applied current divided by the C-rate, as described in equation 2.12. When the battery becomes old, the voltage difference increases for the same current and same capacity of the battery. On increased temperature, the voltage difference increases as well due to the increase in the internal resistance. For an authors of that method [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. This might be useful for the first life batteries (SoH > 80%), but not for the second life batteries (SoH < 80%) where this method gives quite wrong values for the SoH. This is discussed in the next chapter in detail. The reason is shown in figure 2.17 where it can be noticed that the voltage drop varies non-linearly with the ageing and SoC, so it gets difficult to apply the same method in the conditions that would have to be faced in the field.

Electrochemical impedance spectroscopy (EIS)

This method is described in depth as it provides inside details of the battery. Electrochemical processes are assessed with the help of Electrochemical Impedance Spectroscopy (EIS). EIS is a technique to analyze the chemical phenomena happening inside an electrochemical component such as batteries or fuel cells by sending an electrical signal inside them and noting the response.

Reused batteries (lead-acid) are point of focus in this research. If a controlled voltage is applied across the terminals of the battery, then the current can be recorded (potentiostatic mode). If a controlled current is sent inside the battery, then the voltage can be recorded (galvanostatic mode). In EIS, the AC signal is applied with a small amplitude either in the galvanostatic (the current is calculated so that the voltage is no more than 10mV peak) or the potentiostatic (no more than 10mV peak) mode [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF] [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. In the galvanostatic mode, the AC current can be applied in the charging or discharging (the most frequent) directions thanks to some DC current to study the battery information while the charging and discharging. As a consequence, it can also be studied with zero DC current as well.

For batteries, it is being reported that the galvanostatic mode is more useable and reliable [113] [148]. This is due to the fact that the same voltage reading can be achieved at the different levels of the SoH and SoC, so the current should be used as an excitation signal to be sure about the state of battery. The EIS has a lot of the information at the different frequencies about the ageing and chemical changes inside the battery but only the high frequency ohmic resistance is generally used for the SoH evaluation. It might not be sufficient and all the other information is not yet converted into a formula from which the SoH can be evaluated using the maximum information in the EIS curve [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF] [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF].

There are some devices available in the market which use only the ohmic part of the impedance at the high frequency [START_REF] Badeda | Battery state estimation for lead-acid batteries under float charge conditions by impedance: Benchmark of common detection methods[END_REF]. An evolution is seen in this ohmic resistance in the battery with the ageing and SoC [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF][114] but this increase is not the only reason why the SoH decreases [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF][113] [START_REF] Badeda | Battery state estimation for lead-acid batteries under float charge conditions by impedance: Benchmark of common detection methods[END_REF]. One EIS spectrum is given in figure 2.18a where frequency is increased towards the right side of the curve. Battery ageing is connected to electrochemical phenomena which are necessary to be understood, as listed in figure 2.19: corrosion, sulphation, diffusion, acid stratification and degradation of the active mass. These phenomena are either directly or indirectly responsible for the ageing which is explained in figure 2. 19 and are explained in detail below. 

A. Chemical phenomena of ageing visible in EIS a) Corrosion

This is an oxidation of the Pb electrodes which is permanent so that much Pb is not available for the reaction since it is oxidized with passing time. It is observed that this contributes 20% (minor part) to ageing till the EoL (End of Life) of the battery [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. End-of-life normally means when internal resistance is doubled as compared to the new battery or 80% SoH [START_REF] Casals | Evaluation of the end-of-life of electric vehicle batteries according to the state-of-health[END_REF]. In figure 2.18, the ohmic resistance truly represents the corrosion. The more the corrosion, the more the ohmic resistance (R ohm or R HF ) [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF].

b) Sulphation

Pb electrodes are converted into PbSO 4 in the discharge process and converted back to Pb while charging. But some of PbSO 4 does not convert back to Pb with passing time and that part of Pb does not contribute to the battery reaction any more. This process is said to be responsible of remaining 80% ageing (major part) [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. This process happens on the both positive and negative electrodes but the maximum part of this happens on the negative electrodes [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Sulphation varies from the top to bottom of the electrode and it is more important on the lower parts of the electrode. Up to 26 times more sulphation is reported on the bottom of the negative electrode than the positive electrode while 6 times more sulphation is reported on the top parts of the electrode for the negative electrode [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. If the sulphation happens in the battery then the curve in figure 2.18a swells. This can be further seen in figure 2.18b. In this research, only the negative electrode sulphation is considered and its information is present in the first semi-circle of the EIS spectrum [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF] [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF]. The increase in the real axis towards the first semi-circle is represented by R 1 or R ch while the second-circle is represented with R 2 .

Gassing, acid stratification and diffusion, are some other phenomena connected to the sulphation and ageing either directly or indirectly. This is further explained in figure 2.19. 

d) Diffusion

Diffusion is a natural reaction to oppose the acid stratification. It is an indicator that there is acid stratification in the battery. If the 2 nd semi-circle (big one) converts to a line, as it can be seen in Fig 18a, it is an indication of the diffusion and it shows that the acid stratification is happening which would cause the sulphation finally and then the ageing happens. In figure 2.18a, as a reaction to diffusion, curve size will go down.

e) Degradation of active mass

Degradation of the active mass is a response to the sulphation as some of the active mass is not available for the reaction. Active mass means the main reactant i.e. Pb. It occurs due to the sulphation hence affects the SoH. There can be the shedding (breakage) due to the loosening, breathing and mechanical stress and then some part of the active material falls into the solution. This makes the battery capacity lower and the ageing happens faster.

f) Gassing

This phenomenon happens because of the overcharging and the hydrogen and oxygen gasses can be released from battery. It can cause the columbic efficiency to go down because there is less hydrogen ions available to react and store energy when in the electrolyte state. In figure 2.18b, as a reaction to the gassing, the curve size gets smaller.

B. Chemical phenomena vs. frequencies

Some of the electrochemical phenomena are explained with respect to the frequencies and also shown in figure 2.18, from the high frequencies to low frequencies: -Inductive behavior above 100 Hz.

-Real part of the high frequency impedance above 100 Hz is a resistive part (R HF or R ohmic ) and a consequence of the corrosion.

-A first and small capacitive semi-circle for the frequencies between 100Hz to 0.1Hz; which is for the consequence of the sulphation at the negative electrode. In this research, wherever the sulphation word is used, it should be taken as the negative electrode sulphation (R 1 ). The frequency f c appears in the first semi-circle where y-axis gets the peak in the first semi-circle.

-Second and large loop for the frequencies lower than 0.1 Hz is showing very slow phenomena happening on mostly the positive electrodes. Resistance associated with the second semi-circle is associated as R 2 .

It is worth noticing that the above mentioned frequencies can vary with the ageing and capacities of the batteries.

Other methods

A lot of research has been done for SoH evaluation but still it is not fully solved accurately enough for all scenarios of the SoH evaluation needs as explained above [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF] [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF]. Methods such as Coup de fouet and Coulomb counting method can be used for SoH evaluation but they have some disadvantages. Coup de fouet method has no formula available to evaluate SoH. Coulomb counting method requires the longer times so this can be an expensive technique. Additionally, it requires a full cycle of the discharge which can cause the decrease in the life of the battery and especially if testing is needed on time to time basis. These are the reasons that these methods will further be not considered in the next chapters.

Data-driven methods:

There are many other methods like the genetic algorithms, neural network methods, fuzzy logic, statistics based methods and Kalman filters which are not focused in the thesis because they have a high computational cost, and they require a lot of the data and the history of battery to process it and give a continuous value of the SoH. In this thesis, it is tried to find some methods which can work instantaneously and without any historical data and that can be easily implemented in a cheap microcontroller. In addition, already existing methods are also visited in scenario of the second-life batteries which can be used instantaneously. All these methods are summarized in table 2.2. 

Battery SoH scenarios and problems in the existing SoH methods

Used batteries can be bought at a street corner shop for the second-life uses where no history is known, this scenario is discussed in this research. Some existing techniques and methods for the SoH evaluation have already been discussed in some detail but each method definitely cannot be used for every situation with full accuracy because they start giving the problems and bigger disadvantages. Hereafter, some of the problems and disadvantages are discussed.

History dependent

A lot of authentic methods being implemented in commercial devices are built-in with the battery management systems (BMS) and they evolve with the evolution of the battery ageing. These systems have information of the batteries from the beginning of their use then tell about the battery when to be replaced. It has been reported that a lot of the batteries are discarded when the battery reaches around 80% SoH [START_REF] Casals | Evaluation of the end-of-life of electric vehicle batteries according to the state-of-health[END_REF]. These methods have not yet been tested for the second life batteries in cases where their history is known.

There are some methods like the two-pulse method and internal DC resistance method which do not require the history data and can evaluate the SoH of the batteries but they have their own problems. For example, the two-pulse method becomes inaccurate below 80% SoH and SoC [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. The internal DC resistance method does not take into account the SoC while using the resistances [START_REF] Lan | The design of online monitoring system of VRLA battery[END_REF]and the resistance values vary with the SoC so it is highly inaccurate. These things are discussed in detail in the next chapter and other possible original solutions will be proposed as outcomes of this research.

Expensive

Several methods applications become expensive when they are implemented in commercial devices as most of the good and authentic commercial equipment cost several hundreds or sometimes thousands of euros.

Especially when it comes to the second life batteries, most of the applications are in third world countries so that this price is beyond reach of the common man. Other methods used in the BMS are used with the highly paid equipment so they are expensive as well.

Complexity

Most of the people residing in the third world countries are least skilled, so the battery evaluations which are complex will be difficult to adopt as the people cannot understand them easily. So the methods like the neural networks, adaptive techniques, Kalman filter, extended Kalman filters and fuzzy logic methods are very difficult and complex to implement, tune and adapt to the local situation for an uneducated technical field person. Moreover, SoH evaluation methods have to be simple and reliable in order to be implemented into the different calculators, such as the basic microcontrollers by the persons who would like to develop a local business with this idea. But considering smartphone era, these methods can be put in an application and be used easily if enough resources are available. When coming to the final user, the complexity of the method will not be a drawback as long as the HMI (Human Machine Interface) will be simple to use.

The internal DC resistance and two-pulse methods are easy to implement but their application for the second life batteries is either very limited or not possible sometimes. So, developing an easy and adoptable method can be a very valuable contribution to develop the second life use of the batteries among the public and then carbon footprints can be made less.

Time consuming

Just consider a scenario for a second-life battery where a person goes and ask for the used batteries. A normal stance of the people is that why you want to buy the "dead" batteries. Actually they are still "alive" batteries but with less capacity than their nominal capacity. It is well known that the "time is money". Considering this, that the person would not have much time and even the shopkeeper would not be interested to give more time to that guy. In this scenario, a method is required which is fast and does not consume much time but must provide very reliable results which is not a case for the two-pulse and internal DC resistance methods for the second life batteries. These methods are fast but their results for the second life batteries are inaccurate for the second-life applications as can be seen in the next chapter.

Inaccuracy

Last but not least, the method should not be inaccurate but should provide reliable results. This is highly demanding in the case of the second life batteries because most of the already existing methods become inaccurate at lower SoC and SoH values. Other methods which can produce good results might need history of the battery and they still add complexity and consume more resources to cost more financially. So, a SoH method is required to evaluate the SoH with the ease of use, short on time consumption, cheap in terms of finance, reliable in results, applicable for the second-life batteries, frugal enough to be able to employ the used electronic equipments and requires no history of the battery. This is a very cheap and easy way to counter the problems like the environmental pollution and poverty to make the world a "real global village".

Research Focus

This last section is dedicated to make the research focus clear as the domain related to the batteries is quite large. First, the lead-acid battery is the only battery used in this research. Further types of the lead-acid battery i.e. the flooded and AGM have been used for the experiments and explanation. Please note that the chemistry and chemical reactions are same for all the types, the only difference is either the electrolyte is the liquid or dry. Then the batteries can discharge deeply and lifespan of the battery increases.

In this research, instantaneous methods are for the people in the poor countries. Discarded car batteries can be reused so if someone goes to buy a second-life battery at a corner shop then there should be an instantaneous method which can work in two to five minutes, reliable, accurate, cheap, and without need of the data history of the battery. That is the reason why the two-pulse method and internal DC resistance method, together with the EIS are interesting in that perspective. In the next chapters, only instantaneous methods will be put in focus and some new and original methods will be proposed according to the idea explained above.

Conclusion

The present work focuses on lead-acid batteries. There are many models available for simulating the deep discharge behavior of a battery. Some are based on the equations for the general results and some are developed using the manufacturer"s datasheet for the particular capacity.. Empirical sulphation model and Schiffer"s model are two models from the literature which are designed to see the battery behavior with the ageing and also prediction of the battery capacity at a specific time. SoC can be measured either as an instantaneous value or from the iteration or recursive methods having continuous data inputs.

SoC is an important parameter that can be measured or estimated in the different ways. Ampere-hour counting helps keeping the track of the charge and time so accumulating both can help track the SoC of the battery. Electrolyte physical properties can also indicate the SoC in an open battery which is a case for the flooded-type batteries. Open-circuit voltage can be a good indicator of the SoC but often can be tricky as well. Terminal voltage under the specific load can indicate the SoC quite accurately but it needs to be calibrated. Coup de fouet dip varies with the SoC hence can be used as a method for the SoC evaluation.

Internal DC resistance varies with the SoC and can serve as a method for the SoC evaluation. EIS can give the internal high frequency resistance and is an accurate SoC measuring tool. Two-pulse method gives very accurate SoC measurement but in a limited range of SoH. Two-pulse method and deep discharge method are further used for SoC measurement in the next chapters.

On the other hand, the SoH can be measured or estimated either as an instantaneous value or from the iteration or recursive methods having continuous data inputs. Internal DC resistance is used for a long time to access the health of the battery as it can be compared with new battery resistance value, assuming that this initial value is available. Internal DC resistance method is not accurate enough for predicting the SoH as it can vary with the current, temperature, time of discharge and initial history. Two-pulse method uses a characterization technique from the new battery and can predict the SoH with good accuracy for high SoH as error increases under 80% SoH and SoC. Electrochemical Impedance Spectroscopy (EIS) is a very old tool and is used for the prediction of the battery SoH. But till now, there is no authentic formula to give the SoH as a number from the information of the EIS.

Corrosion is mostly used for the SoH evaluation till now as it increases linearly. Sulphation seems to have a bigger impact than the corrosion but its effect is non-linear and still not able to use it for the SoH information. Corrosion and sulphation almost contribute 20% and 80% for the ageing phenomena, respectively. Additionally, the EIS is not used for evaluating the second-life batteries. Coup de fouet and Coulomb counting methods are also present the ageing evaluations. Recursive methods are not interesting in this research as this thesis is looking for methods which can perform without the history data. Battery can be checked in many scenarios for the SoH when the data may or may not be available.

As requirements for our work, SoH evaluation methods for second-life batteries should be cheap, fast, reliable, accurate, simple, easy to implement in a cheap and basic microcontroller and historical data independent. So there is still an open space in the literature about measurements or the estimations of the SoH for the second-life lead-acid batteries with the said constraints. Instantaneous methods are put in the focus to be able to buy the discarded lead-acid car batteries at a corner shop where the time, money, accuracy and no historical data are constraints.

A summary of all the methods is presented in table 2.3 with their features and limitations. The deep discharge method is tagged as green because it will be used as a reference method to know the real capacity of the batteries while two-pulse method, internal resistance method and EIS will be used as potential methods to check if they can be useful for second-life battery scenarios. Other methods are not suited for second-life scenarios.

Introduction

Battery SoH is a good indicator for battery management, for charge control or in applications, where one has to buy the old battery from a corner shop for second life batteries. Much work has been done already for SoH evaluation with the first life batteries of different types and technologies, but most of the time, with a rather limited level of accuracy. If the battery history is unknown, then most of the methods become useless. The test methods can be DC based where everything is done using either the DC current or voltage. On the other hand, if some frequencies are sent inside the battery to check its SoH then it can be called either AC or frequency based technique like Electrochemical Impedance Spectroscopy (EIS). In this chapter, only DC based methods are discussed while in the next chapter, frequency based methods are discussed. Battery ageing models are not discussed here but details on them can be found in the appendix section A.3.

DC based SoH Methods

DC based methods attempt to determine the SoH on the internal DC resistance basis or from a load pulse. The two-pulse method is also considered as a DC method where dip in the voltage after the second load pulse is noted and is characterized against a healthy battery. Then SoH is found from certain equations which are listed in section 3.3 in this chapter. Some new methods (from author"s), like short discharge method, charge retention capacity and internal DC resistance vs. current method are also formed and discussed in comparison with the already existing methods.

Existing methods

Internal DC resistance and two-pulse methods are well known and being in discussion for more than ten years, so they can be tagged as the classic methods. They can be used without knowing the history of the battery so they fit to the use of scenario discussed here in this thesis. If they already exist then what is the purpose of discussing them here? These methods have always been discussed for the first life batteries in short ranges of SoC. The purpose here is to evaluate these methods in the case of second life batteries on wider range of SoC. The main reason is that second-life batteries (<80% SoH) start behaving non-linearly, so how do those methods perform then? Another reason is to see their weaknesses, their limits and strong points with some possible alterations and improvements where they can be suggested (if possible). In coming sections, these methods will be evaluated and presented.

New methods

Three new methods are proposed in our work and are discussed. Among them, one method is performing good enough to be adopted on a commercial scale. It is named short discharge method. The other two methods (Internal resistance vs. current and charge retention capacity methods) are qualitative and do not provide SoH as a number but they can be used to sort the batteries in their ageing order. All those methods have their advantages and drawbacks depending on the scenario. They are briefly discussed here but more details are given in chapter 5. These methods will be introduced in the coming sections and will be analyzed for wide ranges of the SoC and the SoH conditions, for both AGM and flooded type batteries of different capacities.

Our contributions

A total of five DC methods are discussed in this chapter. It can be confusing to know which part is from literature and what is done by authors of this research. Short discharge method, internal resistance Vs current method and charge retention capacity method are totally new and have been introduced for the first time in this research. So everything related to them is from authors of this research.

Regarding the two-pulse method:

In this research, it is tried to evaluate this method on very low SoC and SoH values like below 30% while in the original papers, only above 50% SoH is discussed. Then, an improvement is proposed in this research to improve the method accuracy. The improvement is based on a separate characterization equation for each SoC (In the original method, only one characterization equation is used for all SoC). Another contribution is to use the separate characterization equation for each capacity (Ah) of batteries as recommended by the original authors of the two-pulse method. Then evaluation of this method on flooded car batteries is achieved as it is not available in the literature. Effect of increasing the current value is also discussed which was not discussed in the original papers. Then SoC evaluation with two-pulse method is also discussed with a new consideration regarding V max (the voltage just before the start of the second-pulse) dependence on V oc . In this thesis, it is found that V max remains dependent on V oc somehow even if first pulse removes a lot of dependence on V oc .

Regarding the internal DC resistance method: It is applied here on the second life batteries and on very low SoC values to see how this method behaves and how inaccurate it can be in those scenarios, which could be very common in our cases. This method is generally used for a possible maximum value of resistance which is considered as twice the new battery resistance value for the first life batteries. But here another possibility, based on the experience and observation for the second-life batteries, is studied which is twelve times the new resistance value. The results are compared for both cases ("2" and "12" times) and it is shown that later case suits more for the second-life batteries. It must be pointed out that it is not possible to find an evaluation of this method on flooded car batteries in literature so here this evaluation is also done for above discussed scenarios and because most of the available batteries in the third world countries are the discarded lead-acid car batteries which can be utilized for the second-life purposes.

Experimental data

22 batteries (13 old and 9 new) are used for the experiments done here and listed in table 3.1 and 3.2 presented below w.r.t. capacity of the tested batteries. Please note that old and new batteries are tagged "O" and "N" respectively. Their rated capacities are written before the names. Dry (AGM) and flooded batteries are tagged "D" and "F" respectively. 

Two pulse method

The method working has already been shown in the last chapter. This method can also be used for evaluating SoC of the batteries as presented in the next section. Additionally, some improvements and methods workings are presented in the coming sections in detail.

3.4.1 AGM batteries 3.3.1.1 SoC evaluation for aged batteries with two-pulse method

Evaluation of SoC can be done through the two-pulse method using the V max as can be seen in figure 2.12.

Evaluating SoC through the voltage is a complex task to perform because the open circuit voltage of the battery is proportional to SoC but it contains also previous history and ageing information as well. So evaluating SoC is a tricky thing to do.

But if some load is applied to remove the history information, then the drop in the voltage is directly proportional to the ageing which is misleading again in terms of the SoC. So what is proposed in the twopulse method is quite original and helpful in evaluating the SoC [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. The history and ageing information are removed when the V max is taken into account and V max is marked in figure 2.12. In figure 3.1, V max is plotted for AGM batteries used in the experiments to show their relation w.r.t. SoC. The equation becomes as for a general evaluation of the voltage:

( ) ( )
And if points for 22-OD5, 22-OD6, 22-OD7 are neglected then equation (3.2) becomes as:

( ) ( )
It can be seen in figure 3.1 that there is a clear trend of the voltage descend with the decreasing SoC. Battery 22-OD5 voltage is not falling with the same slope as others and then it falls instantly at the end. Moreover, batteries 22-OD6 and 22-OD7 are very old, so charge retention is difficult for these batteries and their voltage is a little less as compared to the other batteries. But the general equation (3.7) is not very different with or without these batteries and quite the same as from original authors [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. In [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF], batteries with different capacities were used to plot V max and still this equation is same. The equation for voltage remains same even if it is derived from batteries of unequal capacities (aged batteries of same kind or new batteries of different capacities) as done here. Another influential factor is the magnitude of the current which is extracted from the battery according to the two-pulse method. If the current changes, V max remains the same which is evident from figure 3.2. There is a very small difference in the V max which is due to the fact that the V oc was a little different as all these experiments were done in a series. Discussion about the V max can be found by the original authors as well [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF].

Fig. 3.2 Two-pulse tests with different currents for 22-OD2

SoH evaluation using the two-pulse method is possible when SoH and SoC >= 80% as quoted by the original authors [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. For the application of the second-life of the lead-acid batteries which are still sold in big numbers currently [START_REF] Schmid | Introduction to energy storage with market analysis and outlook[END_REF], the SoH evaluation below 80% is very much frequent. Here, this method is tried to be evaluated for the wider range of SoH and SoC values as batteries tested in our experiment vary from 83% to 10% SoH.

In this experiment, the batteries are discharged completely by the steps of 10% so 11 points are available for the two-pulse testing. This explores the whole range of the SoC for the testing and 5, 10, 15, 20A currents are used for testing at each point. So, different C-rate behavior can be tested. Then analysis is given for these in order to evaluate if this method is useful to test SoH of the batteries under 80% SoH, and if yes then how much accurate is it and what are advantages and disadvantages of this method.

Characterizations and possible improvements

Two-pulse method depends on the voltage dip which comes after the V max w.r.t. the new battery"s voltage dip. A characterization is done between the voltage dip and the C-rate. A general characterization formula is available from the original authors but it makes the results inaccurate [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] . Below is the characterization for batteries from 100Ah to 4Ah:

( )
Characterization for 183 Ah [START_REF] Marchildon | SOC and SOH Characterisation of Lead Acid Batteries[END_REF] is as below:

( )
Characterization for 22Ah batteries in this research is as follows:

( )
Actually, a lot of characterizations have been done at all SoCs and one in equation 3.5 is done at 90% SoC. Please note that in the original paper describing two-pulse method, SoC was never taken into account while deriving the characterization equations. It has been noticed from our experiments that the values of coefficients and are varying. These values are going downwards with decreasing SoC which can be seen in figure 3.3. This is another disadvantage of the method as a single characterization equation cannot be used for all SoC values as results can be wrong enough as seen in figure 3.4 and error will increase a lot. In figure 3.4, two batteries are presented with their predictions of Ah capacity based on one characterization while an improved version is presented in figure 3.5. In figure 3.5, prediction is based on several characterizations corresponding to different SoC values i.e. one separate characterization is available for each SoC point (from 100-0% SoC, there are equally distanced eleven points). In figure 3.5, it can be noted that the error is not increasing even at lower SoC (less than 50% SoC) contrary to a case in figure 3.4 i.e. while there is a little improvement at higher SoC points as well. It can also be noted that these coefficients value goes down once battery capacity increases as can be noted from the equation 3.4 and 3.5. 

Vmax dependence on Voc

It is understood normally that V max is independent of the ageing, V oc , the capacity of the battery and the current applied for the test. But some observations done in this research show that the V max depends on V oc . These two quantities have been plotted in figure 3.6a and 3.6b for some specific SoC values. The four points shown in each graph are the results of two-pulse tests under 5A, 10A, 15A and 20A. Wherever three points are visible, actually two points are coinciding on the most left point in the graph. First point on right is for 5A and then other points are visible for other values from right to left. The reason why this effect is due to V oc and not due to variation of the current is that the difference between two points is almost the same as the difference between initial V oc points. It can also be noted that on some points, where V oc is same for same SoC level but on different current tests, V max is same. So, it can be seen that V max is following V oc trend. Please note that here a difference of few mV matters because it can cause a big change in SoC or SoH value. Some hundreds of experiments are done to be sure that these trends are everywhere while only few of them are presented here. It can be concluded that when V max is used for SoC measurements, still some error can be expected. Another thing to mention is that these tests are done at one specific SoC and carried out in series from 5-20A with a difference of 1-2 minutes in between experiments. That is the reason why V oc is different for the same SoC. It takes long enough time to recover to original V oc level. So, it can be observed in figure 3.6 and 3.7 that a difference of 0.04V -0.08V is noted for same SoC in all cases plotted. Please note that this is just plotted for battery 22-OD1 for AGM battery and same trend is noted in other batteries as well. This difference of Vmax can create error of 2.5-5% depending on initial Voc. So, it means history of battery matters a little but not a lot. In the next section, two pulse test will be executed on different batteries under varying SoC conditions.

Two-pulse tests on AGM batteries

In figure 3.8, all batteries are presented in a bar graph for their prediction with two-pulse method based on characterization specifically done for the 22Ah batteries in this research. The current applied is 10A and the batteries were initially fully charged. Here battery 22-OD5 is behaving quite special as a big difference can be seen in its capacity prediction which is around 10.5Ah while the real capacity (cf. All these batteries give quite the same ohmic resistance and most of the DC methods depend on this. That is the reason why most DC methods can give wrong results. There is another phenomenon other than corrosion (represented by the ohmic resistance) which contributes bigger part in the ageing, the sulphation. If somehow, sulphation effect can be introduced in this two-pulse method with more weightage, results can be more accurate but still there is no way found till now to do so. In the next section, varying current effect will be studied for two-pulse method.

Varying current effect on two-pulse method

In this part, the effect of the current level on two-pulse experiment is discussed. For this, four current levels are used for tests (5, 10, 20A). The results are plotted in figures 3.9-3. So, after looking at these figures, it is difficult to give any recommendation in this matter. In figure 3.12, battery 22-OD3 is plotted with Ah prediction against increasing current and it can be seen that error is decreasing with increasing current. Different lines are representing different SoC points. But it cannot be deducted from this graph that increasing current will decrease error.

There is another thing to be deduced is that at the higher currents, batteries are seen healthier than at lower currents. The possible reason is that at the higher currents, the voltage dip does not increase in the same amount as much the current increases. In figure 3.12, the predicted capacitor values are lower than the original capacity of the battery for all cases. But there are cases observed where the prediction can be very near to the real capacity and then, at the higher currents, prediction crosses the real capacity line and error increases with increasing current then. So, no significant effect is studied for varying current on two-pulse method which can be concluded. In the next section, the flooded batteries will be tested under two-pulse method to see if these trends remain same as presented in above lines. 

Flooded batteries

Same tests for flooded car batteries have been reported to see if the results remain same as those of the AGM batteries. Here, five old batteries (3 x 61Ah, 2 x 44Ah) are used to do the tests.

Characterization equation (from procedure of equation 2.14 and figure 2.16) for 61Ah flooded batteries is done from the new battery of the same kind as:

( )
Characterization equation (from procedure of equation 2.14 and figure 2.16) for 44Ah flooded batteries is done from the new battery of the same kind as:

( )

The above coefficients in equations (3.6) and (3.7) are derived from experiments on the new batteries as explained in the original two-pulse method and in literature review as well. It is obvious from the results presented in figure 3.13 and 3.14 that the error can range between 80% and10%. At lower SoC, still good results are being produced while same behavior can be seen at higher SoCs. Highest error is observed on two instances out of 14 tests.

This test is producing unsatisfactory results to separate good old batteries from bad old batteries because sometimes error can be very high and a very bad battery can be seen as very good battery. For example, here for battery 22-OD5, it is being shown as good battery but it is a very bad battery. So, it makes the argument even stronger that some new methods are very much needed to evaluate SoH of old batteries. In the coming sections, it is tried to present some methods which can be more effective.

Conclusion on the two pulse method

It can be concluded for two-pulse method that it is a cheap testing method but with an error in capacity which could be quite high on most of the instances. Additionally, it needs a characterization for each family of the battery to get a better result. This method can be efficiently used for SoC evaluation but in SoH measurement, this method alone is not sufficient as it is providing big error values. So, this method can also be taken as partial decider with some other good SoH methods in order not to be lost when any of the SoH methods produce worst results. 

Summary of section 3.3 (Two-pulse method)

 Two-pulse test is already a well-established method with some limitations.  V MAX just before start of second pulse can be used as an indicator for SoC as it is independent of ageing and other effects.  Two-pulse method error increases below 80% SoH and SoC.

 So, two-pulse method further can not be used for second-life batteries in doing SoH evaluation. Two-pulse method will further only be used for SoC evaluation.

Internal resistance method

This method depends on the internal resistance, measured by applying a DC load, a certain number of Amperes during a certain time and then the dip in the voltage is measured [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF][108] [128][111][112] [START_REF] Tseng | SOH Estimation of lead acid battery by the variation of equivalent circuit parameters by the deterioration[END_REF]. The voltage drop divided by the load current gives the internal resistance, but this ration varies with the SoC and the SoH. This method is highly inaccurate as there is no description explaining how to differentiate increase of the resistance between the SoC and the SoH. Then the time of the current application varies with the resistance as well.

If only ohmic resistance is considered then this method can work but in the literature, resistance is taken as a mixture of R ohm and R ct . The R ohm is taken from the voltage drop which appears instantly (vertical) as can be seen in figure 2.12 (two-pulse test) and the rest of the voltage drop (which increases and gets flat with the time) is used to determine R ct . If the time is increased, R ct increases as well so results of this method come with a lot of inaccuracies. The formula is as below:

( )
where R b is the resistance of battery under observation; R old is the resistance of the old battery at the end of life and R new is resistance of the new battery. In this formula, the resistance is usually taken as the addition of R ohm and R ct (R = R ohm + R ct ) but R ohm can be taken alone as well. Usually, these resistances are of magnitude of 1-500 mΩ depending upon their SoH, SoC and capacity of the battery. These resistances increase with the age of the battery. Here, R ct is neglected w.r.t. R ohm because using R ct alone does not give any good results. There are other parameters related to R ct which together with R ct affects the ageing of the battery and this is explained in detail in the next chapter. Neglecting R ct affects the results accuracy but it still makes it simple and then this method can be used for quick SoH tests where less accuracy is required. This method is quite unclear in the meaning of internal resistance as if R ohm is considered or sometimes R ct is considered as well. Instead capacitance should be considered together with R ct for a complete ageing perspective.

Another thing is the time of load application because the voltage dip increases with the time, but nonlinearly. So whenever this method is applied, no time constraint is considered. If the time is not taken into account then the value of the resistance can vary and would give uncertain results about the ageing. So it is better if the time of load application is fixed. The better way is to select R ohm only and the time will run out of equation then. The reason is that R ohm is independent of the time of experiment because it represents the ohmic resistance inside the battery. R ohm varies by applying different load currents but the method would be simpler. To simplify and improve proceedings, R ohm is used as the resistance here for all the results shown afterwards.

The information can be extracted from a two-pulse test (as two-pulse test contains this test twice); (in two ways) two R ohm are available from first and second pulse. But be careful that it will depend on the current applied and will be more inaccurate than using R ohm from EIS. The data here is used from two-pulse method experiments so two resistances are available as R ohm 1 and R ohm 2 from the first and second pulses respectively.

AGM batteries 3.4.1.1 Error in SoH evaluation (Rold = 2 x Rnew) (Old Criteria)

The end-of-life resistance is generally considered as the double of the new battery resistance (old or existing criteria) for first life batteries. In this study, the new battery resistance is measured as 0.028Ω at 100% SoC and will be used in all the AGM battery evaluations. If this criteria is taken into account then there is problem to chose from different values of resistances on different SoC values (SoC is determined with the deep discharge method). Here, the resistance value R old is taken as double of resistance at 100% SoC value. Then R old and R new are put into the equation 3.2 to find SoH as a percentage. If SoH is multiplied by the rated capacity of the battery, then the capacity of old batteries can be obtained. To get the error, the absolute difference between the prediction and the real value (from deep discharge tests) is computed and then divided by the rated capacity of the battery.

For example for battery 22-OD5 at 5A and SoC=100% , R ohm 1 and R ohm 2 are 59mΩ and 50mΩ respectively. The difference in resistances is due to the fact that the first pulse is dependent on the history of the battery (battery at rest before) and the second-pulse is independent of the history of the battery. So this difference produces even more inaccuracies in the method. Then SoH is 63% and 70% respectively. This is done for both R ohm 1 and R ohm 2 (coming from the two pulse test data) and with currents ranging from 5A to 20A. It is quite difficult to decide which value of the current is producing the lowest error as it can be seen in figure 3.15 -3.16. There is no clear trend available for varying values of currents so nothing conclusive can be said about the current value relationship with the error prediction in the SoH.

This test is only presented here for battery 22-OD2 as an example. The results for the other batteries, given in the appendix section A.5, are quite similar. It can be seen that error can be as high as 80% which is very much unacceptable. It is clear from these results that this method needs to be improved for using it either as a main method (if results are good enough) or at least as a helping hand to another good SoH method. 

Error in SoH evaluation (Rold ~ 12 x Rnew) (New criteria)

As presented in the previous section, the error in SoH between a "real" value measured according to the deep discharge method and an estimated value according to the expression (3.2), is increasing as the battery capacity decreases.

So from our data, it has been noted that the ohmic resistance of old batteries can grow up to almost 12 times of the starting value of the new battery resistance value, till the battery dies. As an example, this has been noted from the battery 22-OD7 at 100% SoC which is highest in the ohmic resistance growth and 20% margin is given on that to get the old battery resistance in the formula as 0.262Ω. So, this value is considered for R old and then it can be seen clearly in figure 3.17 -3.18 that error has decreased as compared to the previous section. The error here is 35-40% for battery 22-OD2 (graphs for other batteries are given in the appendix section A.5) and the current variation is not affecting the error in considerable quantity. If compared with the previous section error, there is at least 20-40% improvement in case of battery 22-OD2. So, it can be noticed that increasing end life resistance to 12 times will decrease the error for the second-life batteries SoH evaluation. This analysis will be extended to flooded batteries in the next section. 

Flooded batteries

Among lead-acid batteries, the flooded batteries come mostly from thermal engine cars. But these batteries can be also used for light load uses as well in continuous load mode. This is a routine in the third world countries because they are cheap and widely available. So, these batteries are counted a little different than the AGM and gel type batteries. Their energy density is less than AGM batteries but their working principle is the same as one of their dry counter-parts. So the same experiments have been run for these batteries as reported in the previous section. As a conclusion, it can be pointed out from figure 3.19 -3.20, that the error is overall less for taking R old as 12xR new than for taking R old as 2xR new . Here, the batteries of two different capacities are tested; 44Ah and 61Ah (graphs for 61Ah are given in the appendix A.5). So, the same trends are observed for these batteries as for the AGM batteries above presented. It can be said that having end-life resistance as 12 times of the new battery resistance gives better results for the SoH evaluation for the second life batteries.

Conclusion of internal DC resistance method

To conclude for this method, it is very difficult to have consistenly small error (<10%) on the broader range of SoC values as error is touching 80% on old citeria and 40% on new criteria for almost all values of SoC and SoH. So this method can not serve as a main method for SoH evalaution in the second-life batteries application but still this method can be used as an assistant to other methods. For example when two-pulse method is used, this method still can be applied to assist and not to be totally lost if the main method (twopulse) gives destructively poor results.

Summary of section 3.4 (Internal DC resistance method)

 Two criteria were experimented for the old battery resistance: 2*Rnew (from the literature) and 12*Rnew (author contribution).  The proposed criterion leads to better results (error decreases to 40%).

 Results are not consistent enough so the method cannot be used for SoH evaluation.

Short discharge method

The concept of this method is to discharge the battery for a relatively short time which can be for example five to ten minutes. Real SoC is noted before and after the discharge by any technique of measuring SoC. This difference between these values and the theoretical SoC leads towards the evaluation of the battery SoH. For example, if a fully charged (100% SoC) 22 Ah battery is discharged with 10 A for 3.3 minutes, it means it is discharged (10 A x 3.3 min) of 0.55 Ah which is almost 2.5% SoC change. But in reality when measuring SoC before and after the discharge, the battery discharged 5% so the ratio of the two SoC quantities gives the SoH prediction. To better understand, if the battery is discharged till it is empty (0% SoC), 20 rounds of those 5% discharges of the real capacity (test under 10A) can be done. So, 20 x 0.55 = 11 Ah which is (11/22=0.5) 50% SoH, the same as the ratio of the SoCs (2.5/5=0.5).

The formula can then be deduced. Formula 3.13 does not cover all the factors i.e. if the lead-acid battery is discharged higher than the C 20 current then the battery capacity goes down as visible in table 3.3 given in the datasheet of the battery. So, this factor is added in the formula (3.9) which is called here as the C-rate (Charge or discharge rate) effect. In the lead-acid batteries, if the discharge current is increased, the battery capacity goes down. Manufacturers provide the capacity percentage when discharged at higher currents than the C 20 current [START_REF]Gel et AGM Batteries[END_REF]. So, in the previous example, the discharge current is 10 A which is ( 

( )
This is explained in figure 3.22 as well. As it can be observed in table 3.3, the capacity factor is varying with battery types. By the way, finding the capacity factor for flooded battery is difficult as manufacturers normally do not provide it. So, another possible solution is that rather than using ideal SoC, a new battery of the same type can be discharged for the same time period. Then Real SoC_new can be used as a benchmark to compare the battery SoH. So then formula becomes:

( )
This is presented in figure 3.23. new battery of same kind

SoC evaluation methods

SoC evaluation is very important in this method. Some methods have already been reported for SoC evaluation [START_REF] Chang | The State of Charge Estimating Methods for Battery: A Review[END_REF] which can be used here along with this method. Other methods like open-circuit voltage method, two-pulse method, internal resistance method, battery terminal voltage method and Ah counting method etc. (c.f. section 2.6) have also been discussed in the previous chapter. Two-pulse method can be used for SoC evaluation as reported [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] which is a good approach for SoC evaluation. This can further be used as SoH evaluation in addition with short discharge method to compare the results and help avoiding wrong SoH evaluation in some possible scenarios. In this chapter, the two-pulse method is used for SoC evaluation. From the two-pulse method, SoC can be evaluated as below [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]:

( )
Where EMF MIN is 11.4V, β is 0.24V and α is 0.018 (slope of SoC). These values are available in original two-pulse paper but can also be extracted from datasheets. These values are independent of ageing of the battery as well. Equation 3.13 can be written like that as well:

( )

And if equation 3.15 is put in equation 3.18 then it comes

( )
After constants are cut and equation is simplified then a new equation appears.

( )

This method can be applied in two ways: One way is to use the V max to evaluate SoC before and after experiment with the help of equation 3.13 and then put it directly in the equation 3.12 to obtain SoH. The second possibility is to put the V max values directly in the equation 3.16 and find the SoH value. The main advantage is that the equation will not need any constant  or  In the tables 3.4 & 3.5, SoC is calculated from V max and in table 3.6; the V max is directly used to evaluate the SoH. Please note that equations 3.16 and 3.12 are mathematically same equations so no difference in terms of accuracy can be expected. Moreover, comments on tables 3.4, 3.5 and 3.6 are given in experiments and discussion section. 

Time of discharge

This method is quite wide open in terms of the discharge time for the testing. A battery can be discharged either for one minute with very high current (~1 C) or for five-ten minutes with an average current (~0.2 C -0.5 C). Applying very low current for the longer time does not make sense as it is very expensive in terms of time. So the possible answer lies in the fact that the accuracy of the method would increase with the SoC difference. Widening the gap of SoCs would make SoH error less. So, the best solution is to apply as high current possible for the lowest time acceptable. For example for a 22 Ah battery, if 10 A is applied for 3 minutes then it is a relatively small current rather than 30 A for 3 minutes. So, the latter option is better. But for bigger size cells and batteries like 200 Ah, 600 Ah etc., applying this kind of high current can be expensive and not possible sometimes. The time of discharge is a very flexible quantity and can be adjusted according to the specific needs.

Experiments and discussion

For our experimental work, four dry (Absorbed Glass Mat (AGM)) and four flooded (Car batteries) lead-acid batteries were taken. In a set of four batteries, three are old and one is new. AGM batteries are 22Ah from Victron Energy while flooded batteries are 61Ah from Exide. This combination is chosen to see the application impact of the method on different capacities and different types of lead-acid batteries.

Initially, a two-pulse test is performed on each battery and then the short discharge method is applied. Please note that AGM batteries are discharged for three minutes at 10 A while flooded batteries are discharged for five minutes at 10 A. This combination is chosen to be affordable in terms of time and current. After the discharge, a one minute gap is given for the battery to rest because otherwise it can impact the two-pulse test.

After this gap, the two-pulse method is applied. Please note that two-pulse method is used here for SoC evaluation but it can also be used for results comparison. The two-pulse method is performed at 4 A current for both type of batteries. SoC evaluation principle depends on V max as can be seen in fig. 2.12 of the twopulse method. It is a very interesting fact that V max almost remains the same regardless of the current applied and battery capacity as reported by the authors [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. It is to mention again that the first pulse is used for removing the history of the battery as a battery can be unused for a day or just a minute so the open circuit voltage can be different in both cases. So the second pulse ΔV 2 is used for evaluating the battery capacity.

Evaluating SoC with the help of the two-pulse method is necessary to provide the same conditions before and after the discharge. For example if a battery is kept for some days on the rest then the two-pulse test is applied and second two-pulse test is applied just after one minute of discharge test. So, the two conditions will not be same and SoC can be with a little error. There are two solutions; one is to apply one mock two-ΔV 2 -0.2492 (3.18) Figure 3.24 Error comparison for AGM Batteries between short discharge method and two-pulse method for old batteries; two-pulse test is performed before and after the short discharge test Figure 3.25 Error comparison for flooded Batteries between short discharge method and two-pulse method for old batteries; two-pulse test is performed before and after the short discharge test

The results are then deduced with the help of the equations and then compared with those of the short discharge method. The percentage error is presented in figures 3.24 and 3.25 for the AGM and flooded batteries, respectively. It can be noted that the short discharge method is performing better in terms of accuracy than the two-pulse method for both type of batteries. Please note that these old batteries are not made old in ovens or labs but they got old in previous uses like cars and solar systems etc. So, the ageing is original and different for both types of batteries as uses were probably different. It can be noted that the two-pulse_SoC2 is generally presenting more errors than the two-pulse_SoC1. So it can be concluded that the two-pulse method performance goes down as SoC goes down as reported in the original paper as well [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF]. Short discharge method is easy to perform and can be adopted according to the need of the situation. It is cheap in terms of cost and resources used for test, short on time consumption, quite accurate and reliable and applicable for second-life batteries. The SoC evaluation improves the method accuracy while poor SoC evaluation can result in wrong information regarding ageing of the batteries. The equation for 44Ah flooded batteries is as:

ΔV 2 -0.073 (3.19) In figure 3.26, 44Ah flooded batteries are tested with the short discharge method in assitance with two-pulse method and SoC is kept above 50% before and after the test. In figure 3.27, the same batteries are tested for lower half of SoC i.e. < 50%. This is done to see the efficiency of the method on lower SoC. SoH_New is producing some good results in figure 3.26 and 3.27 even at lower SoCs. This SoC effect is plotted in figure 3.28 where SoC1 and SoC2 (before and after test) are averaged to give one SoC value for one test. The results are very promising because this method is not losing its efficiency on lower SoCs. The same behavior can be seen against SoH values in figure 3.29 which is not the case with other methods. So, this method is providing good results at lower SoC and SoH values.

Figure 3.26 Error comparison for flooded batteries between short discharge method and two-pulse method for old batteries; two-pulse test is performed before and after the short discharge test Figure 3.27 Error comparison for flooded batteries between short discharge method and two-pulse method for old batteries; two-pulse test is performed before and after the short discharge test Please note that only SoH_New is plotted in figure 3.28 and 3.29 where all AGM and flooded batteries data is included. So, it can be seen that this method is producing some astonishing results as compared to the twopulse method since error can be as less as around 8%. So, this method serves the required scenario where a battery needs to be tested on a corner shop to give it a second-life.  An original method based on a short discharge for specific time and current is presented.  SoH can be evaluated from the difference between the measured SoC and the theoretical one for such current and time.  When evaluated w.r.t. new battery then this method is independent of SoC and SoH values. The error is always remaining inside 10% limit.  This method can be used for SoH evaluation for second-life batteries as error is less than 10% for wider range of SoH and SoC.

Current vs. internal resistance method

This method is based on evaluating the DC and AC resistances from EIS. Only the ohmic resistance is considered with this method because it remains constant for any type of fitting of the EIS with an equivalent circuit. On the contrary, the charge-transfer resistance value might vary with different types of the fitting [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF]. This method is based on a diagram presented in literature [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF] as presented in figure 3.30. This is a figure between the DC R ohm and AC R ohm . A clear trend can be seen from the DC resistance to AC resistance as the least and last value is the AC R ohm (which is plotted on short-circuit current). This only shows the trend of the curve and it is not necessary that these currents are tested in the laboratory. The DC resistance can be found by applying a specific current for specific time and then divide it with the voltage dip presented. On the other hand, the AC R ohm is available from EIS where curve crosses the x-axis and imaginary part is zero.

This curve varies with the SoC and SoH. So if the SoC can be held constant then the SoH trend can be seen easily and an ageing indicator can be developed based on this information. Please note that this method is limited as well because it only shows the ohmic increases in the resistance. The DC resistance here is only the ohmic resistance for the reason that it remains constant while the charge transfer resistance alone is not enough to provide SoH information. Capacitance should be merged with it but there is still no reliable method in the literature which uses all the parameters. Figure 3.30 AC vs DC resistance ; the higher currents only show the equivalence of DC resistance to EIS resistance measured at high frequency (1kHz); these high currents necessarily need not to be tested; they only show the trend of DC resistance; Blue and orange curves show DC and EIS resistance respectively [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF] So, this method is limited as well because it uses only the ohmic part of the ageing and almost the same SoC is required for each battery in the group to do analysis. In figure 3.31, it can be noticed that there is a clear trend with the ageing. Higher curves mean more ageing. But this method is showing that battery 22-OD5 is behaving quite oddly as its slope is better than the new battery which cannot be the case. The general equation used for the fitting is as follows Fig. 3.31 Internal resistance vs Current method; the higher currents only show the equivalence of DC resistance to EIS resistance measured at high frequency (1kHz); these high currents necessarily need not to be tested; they only show the trend of DC resistance [START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF], A zoom of below curves is provided in the below figure

( ) ( )
Here a and b represents two coefficients which are presented in table 3.7 and I is the current applied. So, it should be clear that this battery 22-OD5 is behaving as new but quite high in the curves so these types of batteries give characteristics of good batteries but are actually the waste ones. Please note that battery 22-OD6 and 22-OD7 have only two points due to the fact they are almost dead batteries and cannot be tested on high currents like other batteries. Here 200A is selected as short circuit current from datasheet of the battery.

This method is only applied to AGM. This method can be used for sorting the batteries and in addition to other DC methods. It can help in ordering correctly the batteries and for a specific type of the batteries like battery 22-OD5 and battery 22-OD2, they can be diagnosed easily. Battery 22-OD2 slope is in good routine here while battery 22-OD5 can be seen behaving oddly which is visible. In addition to any other method, battery 22-OD5 can be seen as not good enough which means it is a useless battery. So, this method does not give SoH as a number but can be used for sorting batteries or in a system where the battery data is continuously available. From this data, slope can be monitored as in Fig 3 .31 with the passing time and it can be easily seen that the battery is degrading with the slope and the starting point of the curve. 

Summary of section 3.6 (Internal resistance method vs Current)

 This method is based on the parametric identification of the ohmic resistance measured from EIS.  The slopes (a) can be used to sort the batteries.

 This method needs to be further improved to be used for second-life batteries.

Charge retention capacity method

Method working

This method is one of the original methods introduced in this research. A trend with ageing is noticed when charge retention capability is measured by any means. The first indicator of the charge is the voltage, so when a battery is charged and put in open circuit then the voltage drops instantly and it is somehow related to the ageing. There is a clear pattern with respect to ageing and if it can be characterized, then a method has been developed. If a battery is put long on open circuit then it loses charge and there is a relation with the ageing as well. It means that the new battery would loose the charge after a long period of time while an old battery would loose its charge earlier. But, measuring the ageing from a random state of the battery in terms of charge retention capacity without knowing the history is still a task to be done. In this research, the ageing indication is only done from measuring the slope of the voltage in the first minute of removing the charger after the bulk mode of charging (current charging mode).

This method is newly introduced and still not very mature in terms of accuracy of the SoH prediction but it can act as an indicator method for sorting the batteries in order of their SoH. This is quite visible in figure 3.32 where all eleven batteries were charged for a long enough time and then left on open circuit voltage. Their voltage loss is studied for 31 minutes; this is just a random selection of time to be clear. Batteries can be sorted in order of their presence in figure 3.32 from bottom to top (healthy to old) as: This arrangement is true up to some extent but there are some exceptions as well here like battery 22-OD3 and battery 22-OD2. Battery 22-OD2 was actually swollen due to being overcharged and that possibly can be the reason of showing good charge retention capability. Battery 22-OD3 is not a very big exception but quite similar as battery 22-OD1. In table 3.8, slopes of the charge loss are presented and then batteries are arranged from highest to lowest slopes and SoH is going down from lowest to highest in contrary.

Fig. 3.32 Charge retention trends of AGM batteries after finishing bulk (current charging) and absorption (voltage charging when battery absorbs small current) modes.

The best indicator can only be extracted form the slope during the first minute during which the difference is easily visible and can serve as a fast and good SoH indicator. This is further plotted in figure 3.33 where slopes are plotted against capacities of batteries and then linearized accordingly from which an equation can be derived and hence a rough indicator can be achieved. Please note this is detailled here only for AGM 22Ah batteries. For other capacities, different equations will serve and need further to be studied. In figure 3.33, battery 22-OD2 and battery 22-OD3 are neglected for not to be lost and having closer estimation. Two different situations are presented in figure 3.33; one is after finishing full charge process while the other is just after finishing bulk mode which is more fast for SoH anlaysis purpose. Here, an indicator is introduced for better estimating the battery retention capability and it is named as "Retention Indicator", namely RI. This indicator is representing ageing but it is not sufficient alone as an ageing evaluation method. If it can be compounded with some other methods, a complete package can be found for SoH estimation as a future work. The proposed equation for indicator is as:

( )
where V stands for an old battery voltage and V N for a new battery voltage, while 1 and 0 is for one and zero minutes after charging is complete in bulk mode. It should be kept in mind that this method can be used for sorting batteries according to their SOH and they can still serve the purpose in a limited manner but cannot provide full SoH as a number. The results are shown in table 3.9. For flooded batteries, this pattern can be observed as well. It is shown in figure 3.34 and 3.35. In figure 3.35 the new battery decreases faster than battery 44-OF1 but it can be seen that after some time, slope is getting flatter for the new battery while for the older batteries, the slope is still steep which makes the difference clear between the new and old batteries. The same pattern can be observed in figure 3.35 as well. The slopes for these batteries are shown in table 3.10 for 44Ah batteries, old and new. This method can be extended for the case of a non-fully charged battery. During just one-two minutes, a high charging current can be supplied then the slope of charge loss can be noted for one minute. Nevertheless, this new method needs to be studied more in order to identify a standard procedure for the SoH evaluation through it. But still, this method could be used in charge controllers, hybrid inverters, car controllers and chargers where after full charging, all this data can be noted. Hence the SoH can be monitored through time.

Then the battery can be changed in time to avoid any power failures.

Table 3.10 Slopes for flooded batteries

Modeling of the evolution of charge retention

The behavior of batteries in charge retention curves (which has been already plotted in figure 3 indicator for SoC as it is independent of ageing and other effects. The error increases up to 80% for low SoH and SoC. Here, the two-pulse method is evaluated for the second-life batteries. The concept of multiple characterizations i.e. at different SoCs can lessen error at lower SoCs. It is understood normally that the V max is independent of the ageing, V oc , capacity of the battery and of the current applied for the test. But some observations done in this research show that the V max depends on V oc . Error for the AGM batteries can reach 40% at different points of SoC when it is tested for whole range of SoC, SoH and the currents (multiple characterizations). It is obvious from the results presented for the flooded batteries that error can increase till 80% but can be also as low as 10%. Even at multiple characterizations, this method is not useful for secondlife batteries.

Internal DC resistance method is highly inaccurate as there is no description explained how to differentiate the increase of resistance due to the SoC from the one due to SoH. Here, this method is evaluated for low SoH and SoC values to check its usefulnes for the second-life batteries. Ohmic resistance goes down as the current applied is increased for the same SoC. The data for this method is extracted from the two-pulse test i.e. from each pulse, the voltage is divided by the current and the internal resistance is extracted. The final resistance is taken as two times (litterature criteria) and twelve times (proposed criteria) of the new resistance value. The proposed criterion is based on experience and keeping in view the end life of batteries. The first criterion gave more than 100% error in prediction while the criterion based on experience reduced it to 20-40% error which is still high but less than before. Same trends are observed for the flooded type car batteries as of AGM batteries. So it is deduced that this method cannot be further used for second-life batteries due to inaccuracies.

The concept of the short discharge method is that a battery is discharged for a specific amount of time and the SoC is noted before and after the discharge by any technique of measuring SoC. This difference between measured SoC and theoretical SoC leads towards evaluating the SoH of the battery. There is another factor to be added in the formula which is called C-rate (Charge or discharge rate) effect to compensate when battery is discharged on higher C-rates. Another variant of the method is to use data from a new battery in place of theoretical SoC. A new battery of the same type can be discharged for the same time period then the measured SoC_new can be used as a benchmark to compare the battery SoH. The two-pulse method is used as a SoC estimating method here. As high the SoC difference will be, the accuracy of the method would increase. There are two ways to increase SoC difference; either to increase the current or to increase the time of discharge. The short discharge method is as accurate as SoC method. SoH_new is giving very accurate results while the two-pulse method is sometimes giving more error at some points. Flooded type and AGM batteries are both following the same trend as explained above. This method looks independent of SoC and SoH values. The error is always remaining inside 10% limit.

Internal resistance method vs Current is based on evaluating DC resistance and AC resistance from EIS. Only ohmic resistance is considered in this method because it remains constant for any type of fitting of EIS with equivalent circuit (for parameters) while the charge-transfer resistance value might vary on different type of fitting. The DC resistance can be found by applying a specific current for a specific time and then divided with the voltage dip. On the other hand, the AC R ohm is available from the EIS where the curve crosses the x-axis and imaginary part is zero, as it will be detailed in chapter 4. This method is limited as well because it uses only ohmic part of the ageing and almost same SoC is required for each battery in the group to perform the analysis. There is a clear trend with ageing in the curves as highest curve means more ageing. This method needs to be further improved.

The first indicator of the charge is the voltage. When a battery is charged and put on open circuit, then the voltage drops instantly and it is somehow related to ageing. This effect is named as charge retention method. New batteries would loose the charge after long time while old batteries would loose the charge earlier. The best indicator in terms of time can only be the first minute during which differences are easily visible in the slopes. It can serve as a fast and reliable indicator of SoH. An indicator is introduced for better estimating battery retention capability and it is named as "retention indicator". As another possibility in future work, this method can be used on non-fully charged batteries during just one or two minutes (less time consumption and practically possible). Higher charging currents must be supplied then the slope of the voltage loss can be noted for one minute. Nevertheless, this new method needs to be studied more in order to identify a standard procedure for the SoH evaluation.

There are a total of five methods presented in this chapter; two are old and three have been introduced in this research thesis.

The two already existing methods are very famous and can fit for history independent scenario of the SoH which is the main objective of this research for the second-life batteries. Nevertheless, these methods have some associated problems like inaccuracy. So in this research work, it is tried to improve those methods or evaluate them for some new possibilities i.e. for the second-life battery SoH evaluation. In table 3 

Introduction

SoH can be evaluated many ways using the DC based methods as explained in the previous chapter, which are time based methods. But there are also some existing frequency based methods able to provide more internal information on the battery state, i.e. chemical evolution with the ageing can be visible. Using the DC methods, most of the information available is about the voltage change and it can be sometimes very unreliable, as described in chapter 3. But with frequency based methods, results can be more reliable and include more information about the battery chemistry.

Electrochemical Impedance Spectroscopy (EIS) is used as a technique to examine lead-acid batteries for decades now. EIS gives a lot of inside-information from high to low frequency. However, it still lacks reliable method which can convert that information into an accurate SoH value. Generally, only high frequency resistance is used as SoH indicator in most of the commercial devices. This method is presented in the following pages as the Internal AC resistance method.

In this chapter, a new method is introduced named as "CdS based method" which is based on the information from the EIS spectra. The method details are given in the first part of this chapter. Then, its advantages and limits are discussed with the experimental results. At the end of the chapter, the method is evaluated on experimental data to monitor battery health for several batteries, used and the new ones.

Electrochemical impedance spectroscopy

Electrochemical spectroscopy is a technique to analyze the chemical phenomena happening inside the electrochemical components such as the batteries or fuel cells by sending an electrical signal and noting the response. Only the lead-acid batteries are discussed further in this research. Two modes are possible:

 Potentiostatic mode: a voltage signal is imposed to the battery, then the current is recorded  Galvanostatic mode: the current is imposed to the battery, then the voltage is recorded

In both modes, an AC signal is applied with a small amplitude, no more than 10mV peak either in Galvanostatic or Potentiostatic mode (riding on a DC signal) [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF]. In Galvanostatic mode, the current is applied such that the voltage response does not exceed 10mV. EIS can be done in different ways. In Galvanostatic mode, the current can be applied in charging or discharging direction to study the battery information while charging and discharging. But it can also be studied with zero DC current as well. For batteries, it is being reported that the Galvanostatic mode is more authentic [START_REF] Karden | A method for measurement and interpretation of impedance spectra for industrial batteries[END_REF]. In this research, only Galvanostatic mode is discussed in charging direction. It is worth pointing out that this choice is due to some constraints in our target system. The charge of the batteries in rural electrification systems composed of reused components is supposed to be controlled by some specific DC/DC converters coming from discarded PC. Consequently, because these static power converters are unidirectional, only the charging mode will be possible in a fully controlled way.

A first attempt was made to achieve the EIS in the Potentiostatic mode with a Frequency Response Analyzer (FRA) which can generate sinusoidal voltages at controlled amplitudes from very low to high frequencies. The Galvanostatic mode is implemented quite successfully. Frequency Response Analyzer FRA 5095 from NF Corporation is generally used for plotting the transfer function of the electronic equipments along with a simple power amplifier for amplification. The idea was to use some simple and cheap devices in order to provide affording solutions, without involving any specific costly battery analyzer. A range of frequencies can be applied from 1kHz to 100mHz. At higher frequencies, the effect of inductance appears [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF] and at lower frequencies, a lot of time is required. Channel 2 is used for the voltage response and Channel 1 is used for the current response. They are divided to get the impedance of the battery which can be plotted in a Nyquist plot. The output current of the amplifier is fed into the power amplifier with a current probe in the current feedback mode and hence the current going into the battery is controlled sinusoidally based on sinusoidal voltage generated from the FRA. This mode is working fine as the EIS response from the equipment in the Nyquist plot can be seen in figure 4.2. Both modes are explained by the diagram in the figure 4.1.

To verify the results, the EIS of the same battery is recorded using a commercial equipment from National Instruments NI PXI-1033 & with NI PXI-4461 card in comparison with the results from the FRA in figure 4.2. The AC current applied is 100mA-peak with 30mA dc current. In figure 4.2, the spectroscopy is done with one turn and then compensated with a factor of 10 by division. A very little difference can be seen which might be due to the change in the internal state of the battery as there was a difference of 10 minutes between the two experiments.

The same experiment is also done with another FRA from HP. The technical sheet for the FRA is given in [START_REF]NF Corporation : Download[END_REF] while for the National Instruments it is given in [START_REF]NI 4461/4462 Specifications -National Instruments[END_REF]. Three other comparisons for different batteries of same capacity and company are given in table 4.1. Please note that batteries had different State-of-charge (SoC) and State-of-health (SoH). This difference is computed as below: M 1 and M 2 represent the modulus of the complex numbers from the National instruments and FRA respectively. The difference is divided by M 1 because the commercial equipment is supposed to be more reliable. Some differences can be seen at lower frequencies. Between 1000 Hz and 2 Hz, this difference is less than 1% mostly, and this is the region where the parameters responsible for the ageing are extracted [147] [113] [135]. This difference might not be considered as an error because the two experiments are achieved with a difference of ten minutes (due to spectroscopy time requirement) so the battery state could have changed. All the experiments are done with 100mA-AC and 30mA-DC current. If the voltage response increases more than 10mV then the non-linearity can be seen in the battery EIS [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF]. For example, sample 2 can have impedance from 0.11-0.2 so with 100mA, the voltage response is around 20mV. It is just done here to check the extreme conditions.

√( ) ( ) ) (4.1) √( ) ( ) ) (4.2) ( ) (4.3) 
The two equipment are displayed in figure 4.3 & 4.4. Further minor details on this topic can be found in appendix A.10. Here R i represents R ohm in this thesis

Internal AC resistance method

Internal DC resistance method is quite inaccurate as explained in the last chapter (section 3.4). The reason is that the internal resistance is measured by noting the voltage dip for some seconds and it leads to R ohm and R ct . The inaccuracy comes from the fact that R ohm and R ct are not indicators of the ageing only [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. Besides, the capacitance should be considered along with the R ct because it changes with age. The CPE used in figure 4.5 is a combination of resistance and capacitance but ageing relationship with these parameters is not straight forward as it will be shown in the next coming pages.

Another thing is the time of application of the load because the voltage-dip increases non-linearly with time of application. So, whenever this method is applied no time is fixed which could make the calculation wrong.

In the DC method, even R ohm varies by applying different load currents. To make it more accurate the R ohm from the EIS is considered for evaluation. It is reproducible and independent of the current applied [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF] [113] [START_REF] Badeda | Battery state estimation for lead-acid batteries under float charge conditions by impedance: Benchmark of common detection methods[END_REF]. The SoH is computed using the same formula form internal DC resistance method.

In figure 4.6, the SoH results are presented and compared with the real SoH (measured by deep discharge method) values. It can be seen that the difference is quite big and the results are not enough reliable for the second life usage of the batteries. Battery 22-OD5 is again behaving quite oddly here and a 60% error difference can be noted between the SoH evaluation based on the internal AC resistance and real value of the battery. These results are produced with some discipline as SoC is kept same for all batteries, which is not possible in real time analysis. This method can be improved somehow if Capacitance and R ct are included in the method. Then some equations for the reference parameters can be derived from the new batteries at all SoCs. This method can just serve as an initial indicator as it does take only less than a second to have high frequency resistance from the EIS test which can help in eliminating the worst batteries.  EIS in this research is done in Galvanostatic mode in charging direction. EIS results are compared with the results given by professional equipment; average difference is less than 0.5% between the two spectra for same batteries at same time.

 Internal AC resistance is more accurate than internal DC resistance method but still this method alone cannot be used for second-life batteries.

CdS based method

The EIS spectra contains a lot of information about the ageing of the battery but still no authoritative formula came to give the SoH as an exact number [113] [115]. In our new proposed method, it is tried to convert the EIS spectrum into SoH information which can also be used for the second-life batteries. This method needs to be accurate and reliable, as cheap and fast as possible. First, the method will be explained and then results will be discussed and compared with the other existing methods.

seen finally in the results section. Please note that only the active mass portion parameters are considered in this equation.

One EIS spectrum of an old fully charged battery is shown with its model fitting in figure 4.7. The parametric identification is processed using a nonlinear least-squares solver on Matlab. In this particular case, the fitting is plotted using the red dashed curve in figure 4.7. It can be noticed that the parametric estimation correctly fits the first part of semi-circle of the EIS which is interesting to us. 

Experiments and discussion

In our lab process, old batteries are first fully charged and then discharged in ten equal steps (eleven points for EIS spectra). The EIS is performed on each step so each battery has eleven EIS spectra while discharging. This is done in order to check the variation of the battery parameters all through and the sensitivity of the SoH evaluation method versus SoC. The DC current is intentionally made zero here to keep the SoC constant during the test for each experiment. If the DC current is increased while discharging, the diameter of the semi-circle in the EIS spectrum squeezes and inversely while charging. This would impact the parameters estimation and might result in a wrong SoH estimation. It needs to be further investigated in future studies. Parameterization is done after getting the EIS spectra as mentioned in the above section and all the parameters are studied according to their ageing trends. It is observed that R ohm is for the trace of corrosion while R ct is connected to sulphation [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. R ohm is a concrete quantity and a lot of SoH evaluation devices are based on this measurement [START_REF] Badeda | Battery state estimation for lead-acid batteries under float charge conditions by impedance: Benchmark of common detection methods[END_REF]. However, it is not the sole factor as major ageing is represented in the first semi-circle of EIS. The size of this semi-circle varies with the type of EIS i.e. charging or discharging mode and with the current magnitude [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF]. R ct varies with ageing, SoC and varying type of EIS [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF]. This has been discussed previously in section 2.7.1.3. Variation of R ct with ageing is difficult to relate as it can be seen in the reference [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF] but there are evidences that it varies with ageing and SoC value. These variations are further explored in this chapter.

The identified value of the R ct can also be different for a same EIS spectrum depending on the capacitance limits used for the identification as shown in Table 4.2. So considering R ct alone, could be a misleading factor for ageing. In this research, a new factor is introduced considering all the parameters which vary accordingly in the semi-circle i.e. R ct , C, k. A new coefficient is computed based on these, named as Coefficient de Sulphation (CdS) and defined as ( )

A better robustness of the parameter identification algorithm can be achieved, as seen in Table 4.2 where CdS remains almost the same even if C dl limits are varied for fitting. C dl limit can be just increased to get the best fit of the curve. CdS is a factor which is understood to be increasing with ageing for two reasons. First, is in numerator because it is already well known that it increases with age. Second, the capacitance C dl which decreases with ageing [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF] is in the denominator. As a consequence, CdS is expected to be highly sensitive to ageing. CdS is studied for all our batteries and shows a clear trend as depicted later in the research leading to the SoH estimation with the minimal error. The following discussion will compare the existing methods such as the SoH estimation based on the R ohm measurements to our CdS based method. In figure 4.8, the ohmic behavior of all batteries is presented and it can be observed that they are following a quasi linear relationship with SoC whatever their age. In figure 4.9, the R ohm trend is shown for the old batteries with respect to Battery 22-OD4.

 Here battery 22-OD4 is taken as a reference because its ohmic resistance growth lies in the middle of all the old batteries.  The curve for Battery 22-N2 is not visible because the curve for Battery 22-N3 is overlapping it.  Old batteries are tagged from Battery 22-OD1 to Battery 22-OD8 while new batteries are tagged as Battery 22-N1 to Battery 22-N3. It can be seen in this figure, that the ratios are quite constant throughout all SoCs. The batteries that have ratios above 1 have more corrosion than Battery 22-OD4. If somehow one battery is known with ageing in terms of corrosion then it can be divided with other batteries as a reference and trend of sulphation can be seen easily in terms of the ageing. For all the old batteries, their ohmic resistances R ohm range from 15 mΩ to 260 mΩ for the different batteries under test, depending on their SoH. Additionally, in this figure, it is quite easy to rank the batteries according to the importance of the corrosion as in the following sorting: battery 22-OD1< battery 22-OD8 < battery 22-OD2< battery 22-OD3< battery 22-OD4< battery 22-OD5< battery 22-OD6< battery 22-OD7. Please note that this sorting is done on 50% SoC but still for most of the range of SoC, this sorting remains same. It should be kept in mind that corrosion is obviously not the only cause of the ageing as sulphation can change the SoH as well. The R ohm at 100% SoC for these batteries are displayed in Table 4.3. Considering only the ohmic part as in [START_REF] Bressanini | Design and implementation of lead-acid battery state-of-health and state-of-charge measurements[END_REF] [START_REF] Chaoui | State-of-charge and state-of-health prediction of lead-acid batteries with genetic algorithms[END_REF], SoH_Ohm is evaluated according to expression (4.6):

( )
where  R b is the resistance of the battery under observation;  R old is the resistance of the oldest battery of the same type taken as 150 mΩ from experiments  R new is resistance of a new battery of the same type, taken as 9 mΩ, obtained for manufacture data. 4.10, that CdS is presenting a parabolic behavior but with a flat zone for all batteries between 40-60% SoC. The reason why CdS is higher on the lower SoCs is that the sulphation increases as the battery is discharged. The possible reason of CdS higher on higher SoCs is that the electrolyte is higher in acid concentration and the dielectric constant is lower in that case. So, the capacitance is lower which minimizes the capacitance as can be seen in the equation 4.11. Hence the CdS is higher at higher SoCs because the capacitance is in the denominator. If both corrosion and sulphation are considered from the EIS spectrum, then the SoH information can be decoded from them very accurately. A new and original method for SoH evaluation is devised in the next section based on the information presented in figure 4.8 & 4.10.

Proposed method

It can be noticed from figure 4 Predicting the SoH in the large range 20%-80% SoC is one advantage of the proposed method because the old batteries bought from a corner shop (for a second life use) are never available in fully charged state. Moreover, their state of charge could be unknown and randomly distributed.

So the method for SoH evaluation thanks to our CdS based method can be described as follows:  Process the EIS (with zero DC current) on the battery in the galvanostatic mode,  Compute the parameterization of an old battery under test from the EIS spectrum which leads to Rohm_old, C_old, and k_old from which CdS_old can be deduced.  Find the SoC of the battery form any previously known methods which are described in the section 2.6.  Find R ohm and CdS using the SoC value for the new and end (dead) batteries from the equations in figure 4.11 and 4.12. Battery 22-N2 is used as new battery for the method. There is no considerable difference between all the equations of new batteries especially between 20-80% SoC. Please note that a dead battery is considered here if it is less than 10% of its capacity.  Find the Ah remaining capacity by dropping all the previous values in expression (4.8).  The principles of this method are summarized in figures 4.13 and 4.14.

The CdS value can be either completely due to SoH or SoC or it can be mixture of SoH and SoC as depicted in figure 4. [START_REF] Ott | The History of the Petter Engine -Farm Collector | Dedicated to the Preservation of Vintage Farm Equipment[END_REF]. Please note that CdS variation represents the changes in the sulphation content (chemical phenomenon) which can vary either due to the SoC change or SoH changes. The variation of CdS new represents the sulphation change due to only SoC because there is no ageing in the new battery. CdS end represents the whole sulphation due to ageing because the SoC effect does not appear anymore at the end of life of a battery (SoC effect is negligible as compared to SoH effect). When a battery is in between the new and end stage, it has both components (sulphation and corrosion) inside and CdS ratio CdS old /CdS end decides how much CdS is there due to ageing which can of course be observed from the results presented. The method is represented in figure 4.14. 

R ohm is behaving linearly with respect to ageing while the CdS is behaving non-linearly so that is why a power is taken for the ratio of CdS. This can be seen from figure 4.15 where CdS ratio is plotted against the remaining capacity due to the sulphation. This capacity is computed by subtracting the real capacity (determined by the deep discharge method) with the "ohmic" remaining capacity (the first term in the equation 4.12), as written in the equation 4.13. In equation 4.12, the coefficients of 0.2 and 0.8 are used here for making the corrosion and sulphation behaviors 20% and 80% respectively as reported in literature [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF].

In figure 4.15, it is clear that the relation towards the CdS_ratio (sulphation) is of kind

( ) ( )
where A is 80% of the capacity of a new battery and B a number which is always lower than 1. Here B can be decoded with a ratio of CdS old /CdS end as observed by the experimental data because this ratio is always equal to or less than 1 which can be seen from the fitting of the curve in the figure 4.15. The different points represent each battery in the old battery group. This defines the relationship of the ageing very well as the results can be seen in table 4.4.

Results and future aspects

Eight old batteries are tested between 20% and 80% SoC in order to evaluate their SoH with the proposed method. Results are given in table 4.4. It is clear from these results that the error of prediction is very low for a large range of SoC as it can be seen in figure 4. [START_REF]Electriciens sans frontières[END_REF]. The errors in table 4.4 are computed on average for the predictions of each battery at all the SoC data points. The maximum error is around 6% for battery 22-OD5.

The errors from table 4.2 from the internal resistance method (common in commercial devices [START_REF] Badeda | Battery state estimation for lead-acid batteries under float charge conditions by impedance: Benchmark of common detection methods[END_REF]) and from the two-pulse method are compared in figure 4.17 with the errors obtained from our CdS based method.

Figure 4.15 CdS ratio vs remaining capacity due to sulphation with its fitting for all eight batteries @ 50% SoC Some examples can illustrate the accuracy of the new proposed method compared to the old methods.  Battery 22-OD5 has lesser R ohm value as compared to battery 22-OD6 and 22-OD7. The DC resistance method is giving 17.6Ah prediction while the real capacity of battery is 4.2Ah that is quite well predicted with the CdS based method.  Another example is battery 22-OD7 which has the highest R ohm but not the least capacity in the group.

So if the DC resistance method is adopted, it will appear as the most aged battery. Other batteries are well predicted because sulphation and corrosion are given right share in evaluation formula of the SoH for the CdS based method. It should be pointed out that the two-pulse method is applied as discussed by the original authors [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] i.e., a new battery is used for characterization and then 5A discharge current is applied to study the SoH value. If the current and the SoC values vary, the variation of SoH value is also large for the same battery and error can further change. The equations derived from figure 4.11 & 4.12, are only valid for the 22Ah lead-acid batteries. For the other batteries with bigger or smaller capacities, new battery equations should be obtained for them as in next section. Then coefficients trends(in new battery equations) can be calculated and updated and then, later given in a look-up table. Capacities of these batteries can be predicted from their new battery coefficients. 

New AGM batteries

All the experiments and evaluations were done for 22Ah battery in the previous sections. The same process lies for the different capacity batteries. The CdS and R ohm values need to be known for the new batteries to compute the SoH of the old battery of the same capacity. So, some new batteries were discharged and their CdS and R ohm values are given in appendix A.7.

Variation of DC current in EIS

In figure 4.18, three EIS curves (using the commercial device) have been plotted together for the same battery and SoC value for different DC currents while the AC current and frequencies (1kHz -100mHz)

 One curve is plotted with 200mA charging the DC current (blue curve).  One curve is plotted using zero DC current (orange curve).  One Curve for 200mA (yellow curve) discharging current.

These values have been chosen because it is not possible to compute the EIS with discharging or zero DC current using the FRA equipment. However, it is possible to reduce the charging current to less than 200mA. It can be observed on Fig. 4.18 that the impact of a low DC current and the charging mode is insignificant. A visible effect appears on the diameter of the semi-circle which represents sulphation on the negative electrode of the lead-acid batteries. With higher charging currents, the semi-circle swells and squeezes with higher discharging currents [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. The effect can now be clearly seen. It can be noticed that R ohm is not changing much but the CdS difference is bigger as the CdS values (extracted using parameters from equations 4.7 & 4.9) are 6, 12, and 18 for discharging, zero and the charging currents respectively. In figure 4.18, the CdS value is around 6 for all three curves. It should be taken into consideration that the CdS value varies with the SoC value around 0.5% as 2A current is used for six minutes of the EIS. So, the current should be kept as low as possible to achieve the EIS. Another example for a highly aged battery is given in figure 4.20 where the same 0.2A current is applied. The change in spectrum can be noticed and values for CdS are around 34, 36 and 44 for discharging, zero and the charging currents respectively. The reason here is that the battery is almost dead with 10% SoH i.e. only 2.2Ah left. So it is behaving as a very small battery even though SoC is changing more than 0.5%. For almost dead batteries, even if the CdS values become more than the limit of CdS designed here (~36: extracted from battery 22-OD6 which is nearly dead), the SoH evaluation cannot be less than SoH of a dead battery e.g. as battery 22-OD6 here. CdS of 34 can be considered here as the end of life of the battery (in terms of sulphation) as it can be seen for curves of the CdS for battery 22-OD6 in figure 4.20. Increasing the value of the current will not put any more harm in terms of the ageing evaluation for dead batteries. 

Initial discharge current effect on sulphation and CdS

The sulphate crystals size depends on the initial discharge current for two minutes when the battery is discharged from the fully charged state. If the current is small then the crystals are less numerous and they have more time to grow [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Unlike the previous situation, if the current is high, the number of crystals increases but they become smaller [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. This means that the crystals dissolve easily during the charging process and the charging process takes less time. With passing time, sulphate on electrodes becomes permanent and there are less sulphate crystals and less area of lead to do the reaction, hence the ageing happens. This effect is represented by the CdS in figure 4.21 where the initial discharge current is varied. Please note that here only battery 22-OD3 is selected to show this impact because this experiment is very time consuming (about 2-3 weeks). Moreover, battery 22-OD3 lies in the middle of the group of old batteries so it is the best one to choose among them. With 10A current, the CdS values tend to be flatter as compared to 4A hence it becomes easier to compare it to the new battery values and evaluation of SoH becomes easier. Please note that the battery is fully charged each time before the next experiment so that the sulphate crystals dissolve fully and the battery history does not play any role on the CdS value. Like sulphation, CdS variations are either due to the discharging effect or the ageing effect (which does not go back to electrolyte and become permanent with electrode). There is an important fact to be noted. The amount of the sulfate (PbSO 4 ) is always the same in the new and old batteries but when there are fewer crystals because of the ageing, the CdS is higher in value and vice versa. When a new battery is discharged with a higher current, the CdS value remains low (between 1 and 3). But for a battery which is older or almost dead, the CdS value can go from 28 to 50 for the same amount of sulphate. This CdS is higher because, there are fewer but bigger crystals with ageing. On the other hand, the CdS due to the discharging in new batteries is smaller because of a better distribution of the crystals. If the same battery is discharged with very low current as in figure 4.20 then the crystals will grow bigger and the value of CdS will also be higher. So for ageing, it is very tricky to recognize between the SoH and SoC effects on the CdS. The CdS growth with the ageing can be seen in figure 4.10 while the CdS growth with less initial discharge currents can be seen in figure 4.21. For batteries used in UPS (Uninterruptible Power Supply) i.e. the AGM and GEL batteries, this CdS value can be unreal for ageing evaluation. If the batteries are stored for long time without any use, it is observed as well that the CdS values increase. A possible reason is that the batteries discharge themselves slowly and in response, sulphation happens and CdS value increases.

Solution to false CdS values

Having increased values of the CdS due to less initial current can result in false ageing information because if the CdS value is increased then the battery will look older (as it can be observed in the original ageing evaluation formula in equation 4.13). There are some possible solutions to this problem. 1. It can be observed in figure 4.22 that when a load is applied on the battery with the two-pulse method, there is a voltage dip. This dip has two parts; first is an immediate straight fall which can be associated to the ohmic resistance of the battery while the second voltage dip takes time and it can be associated to the capacitance and to the charge transfer resistance. When a battery is aged, both voltage dips increase and also their corresponding R ohm and CdS values increase. But when the CdS is falsely increased by the initial current effect, the voltage dip remains unchanged as shown in table 4.5 and also presented in figure 4 In the first solution, there is still no quantitative approach to know how false CdS value is. A better solution is to apply a high current (around 0.5C) before doing the EIS, then the false value of the CdS disappears and the remaining value of the CdS truly represents the sulphation. This can be seen in figure 4.25 where a battery is discharged with a small current till 80% SoC and then value of the CdS is noted through the EIS. If a battery is kept still for long time, it self-discharges itself so the false values of the CdS can be seen. In these conditions, a short-time discharge at high current before the EIS can be a good way to remove the history. So, it can be noted that if one minute of high discharge current is performed on the battery then the true ageing information can be extracted out of the battery with the CdS based method.

for battery 22-OD6, prediction has most error. The possible reason is that battery 22-OD6 is almost dead but not fully dead and battery 22-OD6 is taken as a dead battery in the data so it is causing some inaccuracies. 

SoH evaluation using old batteries

The SoH evaluation using old batteries can be done if somehow, the SoH of one battery is known. Then, it can be used as a point of reference to evaluate the SoH of the others. In our case, only old batteries are considered here and other three new batteries are ignored. SoH evaluation is still possible without any new battery equations which are a must for the CdS based method. This is a possible scenario for one person who wants to buy some old batteries from a corner shop and founds batteries with the same rated capacity but different uses and unknown histories.

Here it is considered that one battery capacity is known, using previous data or deep discharge for example. The different batteries have different capacities so it is completely unknown that if one battery has a higher or lower capacity than the known capacity battery.

Here, known battery is supposed to be battery 22-OD8, 22-OD1 and 22-OD6 in tables 4.6, 4.7 and 4.8 respectively, while the capacities of the other batteries are supposed to be unknown. To know, if a battery has a higher capacity, its R ohm and CdS should be lower than the reference battery"s parameters (known). If it is the case, it is pretty sure that the battery has a higher capacity. Another condition is that there should not be a large difference of SoC between the unknown and known batteries. This case will be further analyzed in the last part of this section. So based on the fact of 80% and 20% reduction of the ageing due to the sulphation and corrosion respectively [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF], the formula is as follows: 4.6 here while and are the parameters for this battery for a reference to compare. Here, it can be noticed that the results are better from 40-80% SoC. Color-coding is given to show if the result is good (green), moderate (orange) or bad (red). For battery 22-OD1 taken as the reference, which is higher in the capacity, the ratio of R ohm and CdS are reversed and formula becomes (4.15) as: There is another and original possibility of the SoH formula when CdS seems to increase linearly with the ageing which is (4.20):
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This formula is same as equation 4.16 where only known is changed by rated. So, if this formula is used for the evaluation then the results are produced in figure 4.33 and it can be noted that the errors have reduced in 22 of 35 predictions in total. For 22 predictions, the error has decreased below 15% which is a good improvement. So, which formula is to be used for which type of battery? This is explained in next section with some experimental proofs and possible reasons of change in ageing behavior are explained.

Validation of SoH formula

Change in the behavior of ageing especially for sulphation as seen in last section might have possible reasons:

1. The car batteries are used in the harsh environemnts i.e. high temeprature and because of some chemical phenoemna (over charging which is more common in car batteries) inside batteries, gassing happens on the electrodes of the batteries [START_REF] Schiffer | Model prediction for ranking lead-acid batteries according to expected lifetime in renewable energy systems and autonomous power-supply systems[END_REF]. Hence oxygen gas releases on negative electrode while hydrogen gas evolves on positive electrodes. In response, the columbic effciency goes down for the batteries and capacity of the battery can be seen as less but actually it is better than what it seems to be. If water and acid levels are maintained in the batteries then this can avoid capacity losses because enough hydrogen ions would be available to complete the discharging reactions. 2. Ageing pattern might be different for batteres when used in cars than with the UPS and solar PV systems. Because their load profiles are highly different. To verify this, two new batteries were aged in laboratory (one out of each set of new batteries; 44 Ah and 61 Ah); one 61Ah (61-NF2) and one 44Ah (44-NF1). After the aging process, they were checked for their capacities which were found as 45.22Ah (for the 61Ah) and 35.87Ah (for the 44Ah). Now again, these batteries were passed from the same process for the other batteries and the CdS based method is applied.The results against the SoH formula (original) can be seen in figures 4.34 and 4.35. It can be noticed that the errors are well within the bounds as AGM batteries and it is again proving that the CdS growth with ageing is non-linear. So, when aged in laboratory, batteries followed the same CdS pattern as AGM batteries.When these batteries are used in cars, they are mostly fully charged and sometimes over charged. In result, the acid and water concentration goes down due to gassing which causes a decrease of the coulombic efficiency and the battery gives less discharge time.

The reason no. 1 is obvious because the batteries are presenting lesser capacities than prediction but if the water and acid level can be maintained again then real capacities might be recovered. The batteries used here cannot be opened but in most of the countries, these batteries can be opened and water levels can be maintained easily.

Reason no. 2 looks less obvious because the CdS depends on charge transfer resistance and capacitance which increase when sulphation increases. Old batteries are presenting very less CdS growth (cf. figure 4.29, 4.31) as compared to new batteries of the same types. So, it can be translated that batteries have more capacities but they are presenting less capacities due to the water and acid loss (gassing). To summarize, this method is evaluating the right capacities of the batteries when water and acid level are ok. It is suggested that a new electrolyte should be filled inside the old battery then it should be tested for the capacity check with the deep discharge method to verify the CdS based method prediction as a future work.

Summary of section 4.5 (CdS based method for flooded (SLI) batteries).

 Results are less accurate for flooded batteries than for AGM batteries.  These results might be due to the fact that car batteries are used in harsh environements.

 If the water and acid levels are maintained in the batteries then this can get back capacity losses.

Conclusion

Two SoH methods are discussed in this chapter: Internal AC resistance method and CdS based method. Both methods work out of EIS experiments. In the proposed CdS based method, it is tried to link the internal chemistry of battery with its ageing and then use it for evaluation of the SoH.

EIS in this research is done in the galvanostatic mode in charging direction with the Frequency response analyzer (FRA) and a power amplifier which is originally meant to be used for the transfer function plotting. This is done in an effort to reuse the old equipments. The EIS is compared with the professional equipment and average difference is less than 0.5% between the two spectra for same batteries at the same time. Using the FRA for the EIS is cheaper and now it is in process to do EIS with the help of a powers supply from computer and a microcontroller. It should be considered that when measuring the voltage for the EIS then it should be exactly on the batteries terminals. Otherwise, it will not be the right reading and the EIS spectrum would be changed.

Internal AC resistance is just an alternative to Internal DC resistance method. It is more accurate because here the DC resistance is replaced by the high frequency resistance (AC) which is available in the EIS spectrum. Still, this method is not sufficient for second-life batteries as error level is very high.

CdS based method is an original method based on a parametric identification of the EIS. These parameters are later used in a formula which provides the SoH of the battery. The CdS is a new parameter introduced which is very critical in evaluation of SoH. It depends on the charge transfer resistance, capacitance and power k. R ohm shows linear trend against SoC while CdS is showing parabolic behavior (non-linear) against SoC. CdS appears as clearly linked to the sulphation happening inside the battery. The CdS ratio is related to the ageing in the exponential manner. The SoH formula is based on 20% corrosion (R ohm ) and 80% sulphation (CdS) as learnt from the literature. The error in the SoH evaluation is less than 10% out of 56 predictions. The CdS based method is compared with the internal resistance method and two-pulse method and CdS based method is giving the best results among all.

The CdS of old batteries can vary if DC current is increased or decreased so it is important to minimize the DC current while performing the EIS. Initial discharge current can impact the CdS values as more current means less CdS value so a false CdS or because sulphation can happen in a battery which can impact the SoH evaluation. As a solution to false CdS, a high initial discharge current (=>0.5C) just before performing the EIS will help and false CdS can be negated for some time.

The CdS based method can be used to predict SoH of old batteries according to remaining capacity. The CdS based method needs the SoC value to guess the new battery parameters and then error is studied for batteries with the wrong prediction of the SoC. The error with the CdS based method is not increasing more than 10% for the whole range of wrong prediction of SoC.

This method was applied on car batteries (SLI) as well. The results are not as accuarte as for the AGM batteries. The car batteries are used in harsh environemnts and gassing happens on the electrodes of the batteries. So, capacity of the battery can be seen as less but actually it is better than what it seems to be. If the water and acidlevels are maintained in the batteries then this can get back the capacity losses. To verify, two batteries of the same origin are made old in the lab and then the formula is tested and the results are as accurate as in the case of AGM batteries.

It is concluded that the CdS based method can serve as a very promising method for the second-life gel (solar) and flooded (car) batteries. Additionally, this method gives a deep inside chemical look for the batteries. This method serves the purpose of the evaluation of buying a used battery at a corner shop without knowing its history, being cheap and reliable with short time consumption. In table 4.9, these two methods are concluded with their properties for a brief overview. 5.2 Some perspectives for hybrid method development

For the Two-pulse and CdS based method

The different SoH methods presented in the previous chapters have various advantages and drawbacks. So, to get better results, these methods could be merged and more reliable results would probably be produced. Some perspectives are described here.

The first strategy would be to combine EIS, the two pulse method and the internal resistance method in order to cover the whole range of SoH and SoC. EIS should be applied first then the two-pulse method. This combination will provide SoH results from the CdS based method, the two-pulse method and the internal DC resistance method. Each of these methods is given percentage part in SoH evaluation based on experience and how accurate they are. This will consume 6-7 minutes and can provide fast and reliable results.

For the final evaluation, SoH can be derived from the combination of these methods as presented in figure 5.1. The CdS based method is accurate below 80% SoC so it is given a bigger part in the SoH prediction while above 80% SoC, the two-pulse method is good so it contributes to a larger part of SoH evaluation.

In the process, V oc can be checked for the evaluation of SoC and if SoC is greater than 80% then only the two-pulse method can be applied. The SoC from the two-pulse method can be executed and if there is a big difference in the SoC values of V oc and two-pulse method, EIS will be applied.

If the SoC is initially suspected to be less than 80% then it is better to apply EIS first and then twopulse method to avoid changing the battery internal state for EIS measurements. As an addition to this hybrid combination, a third test can be either the charge retention capacity method or the short discharge method but both should be for fewer minutes as required for specific applications. This is explained next in details. 

Combination of Two-pulse, short discharge and CdS based methods

Another possible strategy is to merge the two-pulse, the short discharge and the CdS based methods.

So, what should be the order of these methods so that the best results are acquired? To answer this, advantages and disadvantages should first be seen for these three methods.

The CdS based method is very good in revealing the internal chemistry of the battery but as explained in details in the fourth chapter, a false CdS value could be obtained when a battery is kept still for a long time. A solution is to discharge it on 0.5C (C-rate; e.g. 11A for 22Ah battery) current for one minute then this false CdS should disappear. This situation can be used very well by performing the Short Discharge Method before the CdS based method as it will last only one minute. The two-pulse method can be used before and after the Short Discharge method to evaluate the SoC difference. The order becomes as shown in figure 5.2 from left to right. This strategy involves two good methods i.e. the CdS based method and the short discharge method which can work on all the ranges of SoH and SoC contrary to the two-pulse method (used for SoC evaluation). This strategy is more advantageous than the previous one because of these methods.

Every method will be given a percentage for deciding the SoH depending on the SoC of the battery which can be evaluated either from the two pulse or from the CdS based method. If the SoC is above 80%, then only the two-pulse and the short discharge methods can be used for the SoH evaluation. If the SoC is less than 80% then the CdS based method is given the maximum percentage in the decision. These percentages are given based on experience and need to be further investigated. This is done so that if a method is giving wrong results then the other methods can compensate towards better results.

Time consumption is an important parameter and can be up to 3-4 minutes here for the whole process described in Fig 5 .2 hereafter. The first two-pulse method will take 30 seconds and 10 seconds resting time then one minute for the short discharge and again 30 seconds for the second two-pulse with 10 seconds delay. For EIS the computing time can be reduced to about 1minute. So, in total it consumes 3 minutes and 20 seconds for whole testing and a lot of information can be achieved with all those tests for the ageing. 2 Second mixture of methods for battery SoH evaluation; Two-pulse method is used for evaluation of SoC from V MAX ; Short-discharge method is given less percentage in working than CdS based method (when SoC < 80%) because CdS based method is more detailed and provides internal chemistry as well

As final words

Energy scarcity is still a problem for major parts of the world, mostly in Africa and in some parts of Asia. Electricity is the most convenient form of usable energy but can be either expensive or not available at all. According to the frugal innovation principles, second-life components can be a good local alternative for providing cheap electricity especially in remote rural areas. Rural electrification helps to reach some goals of the UN related to human, social and health development.

Solar panels still produce 80% after their twenty five year life span. Some discarded computer power supplies can be used as charge controllers for solar panels. Discarded induction motors can be converted into electric generators based powered either by hydro or wind turbines.

The thermal engine car lead-acid batteries are discarded in a big number all over the world from cars and utilities after their first life use and a lot of them are discarded when they reach 80% SoH. When those batteries are bought for second-life uses, it is a difficult task to check their SoH with accuracy. They need to be discharged on 20-hour rate which is practically difficult. So, some methods are needed which can be used for SoH evaluation without history data. The method needs to be fast, cheap and reliable. Some methods already exist for this purpose but being used for first life batteries only. The test of a second-life battery with the internal DC resistance method or the two-pulse method can be very unreliable and can produce very wrong and misleading SoH results. Different test methods are evaluated for second-life batteries in this thesis and some possible improvements have been suggested.

Four new methods for SoH evaluation have been detailed by the author.  The short discharge method is based on the idea of discharging a battery with a possible high current and then noting the difference in the SoC in comparison to the new battery of the same type and capacity. It can lead to an accurate SoH evaluation.  The CdS based method is based on Electrochemical Impedance Spectroscopy (EIS) and it is an attempt to fill the missing part of the puzzle in the EIS information. With this method, a new parameter CdS is introduced based on the charge transfer resistance, capacitance and k (comes from parameterization of the EIS curve) which are deduced with fitting techniques on the first semi-circle of EIS curves. This method is producing averagely 5% error on AGM type batteries. More important errors are observed in the case of car batteries (the SLI batteries) and a solid explanation is found using the old batteries of the same kind (which are made old in laboratory). The Internal resistance vs current and the charge retention capacity methods show trends for the ageing but so far, they can only be used for sorting the batteries in SoH order.

It is tried in this whole research to provide a fast, easy, cheap, reliable and accurate methods which has been done up to some extent and more inroads can be found if these techniques can be applied on various range of capacities and types of lead-acid batteries. Some hybrid strategies can be generated from the combination of all these methods to avail advantages of the methods and avoid their disadvantages. Another purpose is to complement each other in case of failures of one method.

In a nutshell, future work could be related to the combination of the existing techniques and the new methods proposed in this thesis and to the validation tests and experimentations of the two newly proposed techniques, i.e. the internal resistance vs current and the charge retention capacity methods. Further, these techniques could probably be applied to a new rising battery kind in the market: "Lithium-ion batteries". 

A.1 Parameters of Batteries from EIS Curves

A.3 Ageing models

In this section, the battery models mentioned in the last chapter are presented in detail with some examples regarding the introduction of ageing. 

A.5 Internal DC resistance method

To see the random working of the method, some results are shared in figure A.34 based on 80% SoC, 5A current and the second-pulse to eliminate any previous history use. Here R old and R new are taken as 350mΩ and 22mΩ respectively considering the SoC and the fact that the DC ohmic resistance is greater than the AC ohmic resistance which is shown in chapter 4. Please note that values of R old is taken based on experience and observation just for a random test. The detailed analysis will be presented in coming sections. R new can either be found in datasheets or also can be got from experiments. This should be kept in the mind while two-pulses as can be seen in figure 2.12. So two ohmic resistances can be derived and are named as R ohm 1 and R ohm 2 respectively. The value of the ohmic resistance should not depend on the time of load application but its value goes down when increasing the current value as can be observed in figures A.35-A.38. In figures A.35-A.38, there is a trend that with increasing the value of current, the resistance value is decreasing. So if anywhere this test needs to be adopted, the current value should be kept the same for a specific capacity of the batteries so that resistance value does not vary. This trend is sometimes not followed and reason might be the measurement errors. Different curves are presented in below figures and they represent different SoC levels where SoC is decreasing upwards in the figures. It is noticed that R ohm 2 is mostly coming less in the value than R ohm 1 for same conditions. The reason can be that R ohm 2 is done when the voltage is not fully recovered so the voltage drop is less as compared to R ohm 1 and when the voltage drop is more, the value of resistance increases. Here only four batteries have been chosen to show the trend from the old AGM batteries and these batteries are selected to represent a wider scale of SoH (high to low).

A.6 EIS with Frequency Response Analyzer

Some important points are discussed here to record the EIS accurately:

A.6.1 Cost saving

The Commercial EIS equipment is very costly (thousands of US-dollars) for some companies and institutes. There are some cost effective alternatives as tried before [160][159]. Doing spectroscopy can be cheaper with this type of setup and it can still provide a lot of information for the battery health. In the future experiments, FRA is intended to be replaced with a micro-controller to make it very cheap.

A.6.2 Modes of spectroscopy

The Spectroscopy can be done normally in discharge and charge modes. With this equipment, only the charging mode can be applied because the amplifier with the FRA cannot discharge the battery. In the future research, a simple amplifier circuit may be tried to do this mode as well. The spectroscopy can also be done in the Galvanostatic and Potentiostatic mode. With the FRA, only the Galvanostatic mode is available right now as explained above.

A.6.3 Number of turns/current probe

The Current probe is very important in doing the spectroscopy with the FRA. So, the current probe used here is with 100mV/A. It means if the current is measured with only one turn, then the current measured will be ten times less than the original current. So, the measured spectrum should be divided by a factor of ten on both axes in the Nyquist plot. If the EIS is done with ten turns, then no compensation is required. The spectrums with different number of turns become same after compensation of the current. This explained in the below equations.

battery modelling. The equation (A.6) for this model is as below to extract the parameters for battery modelling [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF].

( ) ( )
 Z neg,CPE is the impedance of the negative electrode in the battery  R i is the ohmic resistance at high frequencies,  is the angular frequency,  L is the inductance  0< k <1.  CPE in figure 4.6 is a constant phase element which is an alternative to the double layer capacitance C dl . 

A.7 New battery AGM equations

These equations are again obtained by fitting to data curves in figure A.41 and A.42. CdS variations with SoC are also plotted in figure A.41 and A.42 for different battery capacities. It can be seen that it is increasing as the battery capacity is decreasing. Please note that these equations are given here to evaluate any other capacity of the batteries than 22Ah which is used here for the experiments. If not exact capacity is available, then nearest equation can be used.

higher at lower SoCs because the maximum sulfate goes from the electrolyte to the electrodes. The pattern is correct at lower SoCs but it is contrary to this tentative explanation on the higher SoCs as the CdS curve is presenting a parabola shape so the CdS value is higher at higher SoCs as well. To understand, this, we need to come back to the basic relationship of the capacitance.

(A. 19) Here C dl represents the capacitance while represent the absolute and relative permittivity of dielectric, A is area and d is distance between plates of the capacitor. The capacitance depends on the dielectric properties of the material so the electrolyte in the lead-acid battery which is diluted-sulphuric acid i.e. H 2 O + H 2 SO 4 . The concentration of the sulphuric acid goes higher while charging and vice versa. The dielectric constant values are 31 and 8.6 for 17% and 97% concentrated sulphuric acid, respectively. So, it is obvious that the capacitance will decrease in the charging process due to the dielectric constant as sulphuric acid becomes more concentrated. This can be seen from table A.2 as two batteries parameters are presented from lower to higher SoCs. The capacitance is clearly going down at the higher SoC. As it is in the denominator of the CdS, CdS value is higher at higher SoCs while the R ch value remains constant from 90%-50% approximately and then it starts increasing which is due to the sulfate crystals growth. The parameters for the other batteries are given in appendix A.1.

In figure 4.10, it can be noticed that the older batteries have more sharp curves at the lower SoCs while they are flatter for relatively healthier batteries. The possible explanation is that the older batteries already have sulfate crystals so new sulfate builds on the old crystals and the CdS growth is exponential. The relatively new batteries do not have already built sulphate crystals due to the ageing or very little ones, so there is more chance of new crystals built-up. That is why CdS growth is quite flatter as compared to the older CdS curves. This less increase of the CdS at lower SoCs makes one feel more increase of CdS at higher SoCs for new batteries. 
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Fig. 2 .Fig. 2 .

 22 Fig.2.11 Real SoC vs. Predicted SoC by hybrid method[START_REF] Sato | A new estimation method of state of charge using terminal voltage and internal resistance for lead acid battery[END_REF] 

Fig. 2 .

 2 Fig. 2.13 V MAX (From Two-pulse test) vs. SoC showing a linear relation; done at 20A for alldifferent capacity of batteries[START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] 

  10[112] [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF]. The relation of the resistance with the SoH is shown in figure 2.14. So, it can be seen in the formula (2.13) that there is no restriction of the SoC value. The SoC of the battery is not checked at the beginning and resistance is compared with the value for a new battery. So, the SoC ignorance introduces a lot of inaccuracies in the method. Another cause of the inaccuracy is that this resistance represents only the ohmic part of the ageing. No other phenomena causing the ageing are visible in this parameter evolution. If the duration of the load is increased then other things like the charge transfer resistance, capacitive effect start to appear in the resistance value and internal resistance becomes non-linear which can again not be validated with the given formula in equation 2.13. If this value of the resistance is still used, the results can be hilariously wrong.

Fig. 2 .Fig. 2 .Fig. 2 .

 222 Fig. 2.14 Variation of Resistance by SOH[START_REF] I-Kun | SOH estimation of lead acid battery by artificial deterioration[END_REF] 

Fig. 2 .

 2 Fig.2.18a EIS spectrum explained with different frequencies[START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF] 

Fig. 2 .

 2 Fig. 2.19 Electrochemical phenomena explained for lead-acid battery c) Acid stratification It causes higher acid concentration at the bottom of the battery which causes more sulphation at the bottom of the electrodes than at the top. Gassing happens due to the overvoltage as the hydrogen and oxygen at the negative and positive terminals are being produced and escape the battery reaction. Gassing decreases acid stratification but the Columbic efficiency goes down. As a reaction to the acid stratification, the corrosion happens and the first semi-circle curve swells.
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 31 Figure 3.1 Vmax vs SoC plots showing the trend for batteries with different ageing from our experiments; B refers to battery in the legend

Fig. 3 . 3 Fig. 3 . 4 Fig. 3 . 5

 333435 Fig. 3.3 Two-pulse characterization with descending SoC for 22Ah ( is presented as a positive number here)

Figure3. 6 Figure 3 . 7

 637 Figure3.6 Dependence of Vmax on Voc
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 33 Fig. 3.11 Error in prediction of Ah capacity with two-pulse test for eight old AGM batteries at 20A current; figure on right side is zoom at 40% SoC; Error is as high as about 35%

Fig. 3 .Fig. 3 .

 33 Fig. 3.13 Error in prediction of Ah capacity with twopulse test for old flooded car batteries

Fig. 3 .

 3 Fig. 3.15 Error in SoH for battery 22-OD2 when Rohm is taken from first pulse and Rold is taken as two times of Rnew on different values of currents with wide range of SoC

Fig. 3 .

 3 Fig. 3.17 Error in SoH for battery 22-OD2 when Rohm is taken from first pulse and Rold is taken as twelve times of Rnew on different values of currents with wide range of SoC

  in fig. 3.21.

Fig. 3 .Fig. 3 .Figure 3 .

 333 Fig. 3.19 Error in SoH for flooded batteries when Rohm is taken from second pulse and Rold is taken as two times of Rnew with wide range of SoC

Figure 3 .

 3 Figure 3.22 Block diagram of short discharge method when discharge current is based on C-rate >= 0.05C

  Figure 3.23 (a) Block diagram of short discharge method when compared with new battery as a reference regardless of discharge rate (b) Graphical representation of short discharge method w.r.t.

Figure 3 .Figure 3 .Summary of section 3 . 6 (

 3336 Figure 3.28 Error comparison for flooded and AGM batteries against average SoC; SoC1 and SoC2 are averaged to provide one SoC value for one test

Battery 22 -

 22 ND1, Battery 22-OD2, Battery 22-ND3, Battery 22-ND2, Battery 22-OD3, Battery 22-OD1, Battery 22-OD8, Battery 22-OD4, Battery 22-OD5, Battery 22-OD7, Battery 22-OD6.
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 33 Fig. 3.34 Charge retention trend of flooded 61Ah batteries after finishing bulk mode Fig. 3.35 Charge retention trends of flooded 44Ah batteries after finishing bulk mode

Figure 4 . 1 Figure 4 . 2

 4142 Figure 4.1 Galvanostatic (a) and Potentiostatic modes (b) with FRA 5095 and Power Amplifier (home-made)

Figure 4 . 3 Figure 4 . 4 Figure 4 . 5 A

 434445 Figure 4.3 Equipment for Spectroscopy from National Instruments Figure 4.4 Frequency Response Analyzer (left) & Amplifier (right)

Figure 4 . 6

 46 Figure 4.6 Prediction of SoH of batteries with internal AC resistance method

Figure 4 . 7 EIS

 47 Figure 4.7 EIS Spectrum fitting for parameters extraction

Figure 4 . 8 Figure 4 . 9

 4849 Figure 4.8 Ohmic resistance (Rohm ) of AGM batteries at different SoCs

Figure 4 .

 4 Figure 4.11 R ohm vs SoC measured for new batteries

Figure 4 .Figure 4 .

 44 Figure 4.13 CdS explained in terms of SoC and SoH

Fig. 4 .

 4 Fig.4.23 displays three EIS curves for higher charging and discharging currents. It can be noticed that R ohm does not change. A visible effect appears on the diameter of the semi-circle which represents sulphation on the negative electrode of the lead-acid batteries. With higher charging currents, the semi-circle swells and squeezes with higher discharging currents[START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF]. The effect can now be clearly seen. It can be noticed that R ohm is not changing much but the CdS difference is bigger as the CdS values (extracted using parameters from equations 4.7 & 4.9) are 6, 12, and 18 for discharging, zero and the charging currents respectively. In figure4.18, the CdS value is around 6 for all three curves. It should be taken into consideration that the CdS value varies with the SoC value around 0.5% as 2A current is used for six minutes of the EIS. So, the current should be kept as low as possible to achieve the EIS. Another example for a highly aged battery is given in figure4.20 where the same 0.2A current is applied. The change in spectrum can be noticed and values for CdS are around 34, 36 and 44 for discharging, zero and the charging currents respectively. The reason here is that the battery is almost dead with 10% SoH i.e. only 2.2Ah left. So it is behaving as a very small battery even though SoC is changing more than 0.5%. For almost dead batteries, even if the CdS values become more than the limit of CdS designed here (~36: extracted from battery 22-OD6 which is nearly dead), the SoH evaluation cannot be less than SoH of a dead battery e.g. as battery 22-OD6 here. CdS of 34 can be considered here as the end of life of the battery (in terms of sulphation) as it can be seen for curves of the CdS for battery 22-OD6 in figure 4.20. Increasing the value of the current will not put any more harm in terms of the ageing evaluation for dead batteries.

Figure 4 .

 4 Figure 4.20 EIS curves with varying DC Currents for a dead battery (22-OD6) with 10% SoH Figure 4.21 EIS curves for an old battery (22-OD3)with varying initial discharge currents

Figure 4 .

 4 Figure 4.18 EIS curves for an old battery with varying DC Currents; Charging (0.2A), Discharging (-0.2A) and no DC currents

Figure 4 .

 4 Figure 4.19 EIS curves for an old battery with varying increased DC Currents; increased DC currents (-2A to 2A) showing impact on diameter of semi-circle

Figure 4 .

 4 Figure 4.22 Voltage dip when a battery is loaded; ohmic dipV Ohm and RC dipV RC

Figure 4 .Figure 4 .

 44 Figure 4.23 Two-pulse tests for two different cases of initial discharge current; voltage dip remains almost the same even if CdS is not the same at all

Figure 4 .

 4 Figure 4.25 Effect of short discharge on CdS for same battery; in all cases battery is discharged till 80% SoC very slowly to build-up a false CdS; first case shows the more CdS when the current is less while second and third cases show a decrease in the CdS values with the increase of the current but different times After the EIS, the battery is discharged for five and one minutes in two different experiments (different from each other) with 10 A current to wipe out the false value of the CdS. Then the EIS is performed and the CdS values are noted which are 4.86 (more accurate value) and 6.66 for five and one minute duration respectively. The CdS value before the discharge was around 12. The differences in the CdS at 80% SoC is there because CdS values are false and they might vary every time depending on how the crystals settle down initially.

Figure 4 .

 4 Figure 4.26 CdS prediction according to SoH of batteries vs. SoC in comparison with original values of CdS (a) Battery 22-OD1-Battery 22-OD4 (b) Battery 22-OD5-Battery 22-OD8

Figure 4 .Figure 4 .Figure 4 .Figure 4 .

 4444 Figure 4.29a Ohmic resistance curves for 61Ah old and new batteries

Figure 4 . 8 )Figure 4 .

 484 Figure 4.32 Error in prediction of SoH of flooded batteries when CdS is used in non-linear formula of ageing (equation 4.8)

Figure 4 .Figure 4 .

 44 Figure 4.34 Capacity prediction error for a new battery (61Ah) which was aged in laboratory

Fig 5 . 1

 51 Fig 5.1 Mixture of different methods for battery SoH evaluation; the percentages given to different methods are based on experience and their best working in different SoC and SoH conditions

Fig 5 .

 5 Fig 5.2 Second mixture of methods for battery SoH evaluation; Two-pulse method is used for evaluation of SoC from V MAX ; Short-discharge method is given less percentage in working than CdS based method (when SoC < 80%) because CdS based method is more detailed and provides internal chemistry as well

Fig. A. 1

 1 Fig. A.1 Error in SoH for battery 22-OD1 when Rohm is taken from first pulse and Rold is taken as twelve times of Rnew on different values of currents with wide range of SoC

Fig. A. 25 2 Figure A. 33

 25233 Fig. A.25 Error in SoH for flooded batteries when Rohm is taken from first pulse and Rold is taken as two times of Rnew with wide range of SoC Fig. A.26 Error in SoH for flooded batteries when Rohm is taken from first pulse and Rold is taken as twelve times of Rnew with wide range of SoC

Figure A.35Decreasing Rohm of battery 22 -

 22 Figure A.35Decreasing Rohm of battery 22-OD1 against increasing load current (each curve is representing a specific SoC & SoC decreasing upwards), (25% to 90%))

Figure A. 40

 40 Figure A.40 Comparison of EIS results with type of measurement
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1 Old lead-acid battery (AGM) batteries w.r.t. capacities, evaluated thanks to deep discharge
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2 Old Lead-Acid Battery (Flooded) batteries w.r.t. capacities evaluated thanks to
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 3 

3 C-rate or discharge rate Vs. remaining capacity of the battery (Victron Energy) as
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 3 

5 AGM Batteries (22Ah) SoH evaluation w.r.t. new battery and capacity factor (C.F.); Real capacity is evaluated by discharging the battery using a current based on

Table 3 .

 3 

6 Flooded batteries (44Ah) SoH evaluation w.r.t. new battery and capacity factor (C.F.);Real capacity is evaluated by discharging the battery with current based on
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 3 [START_REF]Access to electricity, rural (% of rural population) -Pakistan | Data[END_REF] Batteries charge loss slopes and arrangement of batteries from equation 3.24
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	.8	Batteries charge loss slopes and arrangement from lowest to highest SoH
		considering all four slopes
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 3 

11 Charge retention equations for batteries; V is voltage of battery in open circuit, t is time in minutes and error is given to see the difference between modelling and real values (ISE: Integral of square of difference)

Table 4 .

 4 1 Difference between Two Equipment for Different SoC and SoH Conditions

Table 4 .

 4 2 Parameters extracted from the same EIS spectrum with different C limits---

Table 4 .

 4 3 Batteries SoH according to Rohm only; Error is computed for SoH w.r.t. Original
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 4 

[START_REF]South Asia -Rural Population -1960-2018 Data | 2020 Forecast[END_REF] 

Real vs Predicted capacities using an old known battery (22-OD6) out of same lot-

  The main interest of this work is to introduce some SoH methods which are fast, easy to use, reliable and can work without historical data. Internal resistance Vs. Current Method, Charge retention capacity method and short discharge method. Commercial research equipment from National Instruments is used for carrying EIS experiments.

Around 30 old and new batteries of AGM and flooded types with different capacities have been used for experimental testing for six methods in total namely; two-pulse method, Internal DC resistance method, CdS XXIII based Method,

Table 1 .1 Renewable Energy Potential for South Asian countries [66] Country Solar power potential (KWh/m 2 /day) Hydro power potential (MW) Wind power potential (MW)

 1 

	India	5.0	150000	102778
	Sri Lanka	5.0	2000	24000
	Pakistan	5.3	59000	131800
	Afghanistan	6.5	25000	158000
	Bangladesh	5.0	330	-
	Nepal	4.0	83000	-

Table 1 .

 1 2 Hydro power potential of six countries in South Asia[START_REF] Rasul | Beyond hydropower: towards an integrated solution for water, energy and food security in South Asia[END_REF] 

		Afghanistan	Bangladesh	Bhutan	India	Nepal	Pakistan	Total
	Theoretical	23,000	755	30,000	184,700	80,000	100,000	388,006
	Potential (MW)							
	Commercially	23,000	755	24,000	84,004	43,000	59,000	236,350
	feasible							
	Potential(MW)							
	Installed (MW)	442	230	1615	51,756	867	7,320	62,230
	in 2021							
	Current	1.9	30.4	5.3	28	1.1	7.3	16
	utilization (% of							
	theoretical							
	potential)							

Table 2 .

 2 1 Summary of SoC methods

	Method	SoC Evaluation	Useful in this thesis
	Deep Discharge Method	Yes	Yes (reference method)
	Electrolyte Physical Properties	Yes	Not possible
	Open Circuit Voltage	Yes	Unreliable
	Terminal Voltage	Yes	Unreliable
	Coulomb Counting Method	Yes	Yes
	Coup de Fouet	Yes	No
	Two-Pulse Method	Yes	Yes
	Internal DC Resistance Method	Yes	No
	Electrochemical Impedance Spectroscopy	Yes	No
	Data driven techniques	Yes	No

1 SoH instantaneous measurement methods 2.8.1.1 DC resistance method

  This is a method based on applying a DC load to the battery for very short time. The internal DC resistance can be deduced from the voltage difference as explained previously in figure2.8. Then, noting the difference with the new battery resistance gives the SoH[START_REF] Kischkel | VRLA Lead acid battery and its internal resistance[END_REF] [108][128][111][112][110] according to the formula (2.13):

Table 2 .

 2 2 Summary of SoH methods

		SoH	Useful in this	
	Method	Evaluation	thesis	Limitation
	Deep Discharge		Yes (reference	Time taking, Consumes a cycle
	Method	Yes	method)	
	Two-Pulse Method	Yes	Yes	Accuracy issues under 80% SoC and SoH
	Internal DC Resistance			Inaccurate
	Method	Yes	Yes	
	Electrochemical			SoH formula not available
	Impedance	No SoH		
	Spectroscopy	formula	Yes	
	Data driven techniques Yes	No	History dependent

Table 3 .

 3 

	new evaluated

1: Old lead-acid battery (AGM) batteries w.r.t. capacities, evaluated thanks to deep discharge method All these batteries were supposed to have a capacity of 22Ah (AGM) when they were

Table 3

 3 .1 and 3.2) is 4.2Ah. This battery behaves quite like a healthy battery in terms of the DC parameters but actually it is giving very less capacity discharge. It is very difficult to differentiate between batteries 22-OD3, 22-OD4, 22-OD5 because their predictions are 10.85, 8.14 and 10.5 Ah respectively but their real capacities are 14.84, 14.24 and 4.2Ah respectively (cf. table 3.1). Please note that battery 22-OD2 was 10.85Ah before once it is checked for the first time then it started improving after being in the charged state and when this experiment is done it was around 14Ah. But in the end it reached 17.47Ah as mentioned in table 3.1.

  mostly for maximum SoC values. The maximum error in all cases is recorded around 40%.. Another thing can be noted is that the batteries with least errors are battery 22-OD5, 22-OD6, 22-OD7 in figure3.11. The reason is that their capacity is less than 20% of rated capacity. Battery 22-OD6 and 22-OD7 are displayed only for 5A current. The reason is that at higher currents, their voltage dip goes so big that apparently it crosses 10.8V or 0% SoC barrier. Hence, batteries with less than 30% SoC can be easily tested on 0.25C currents. In figure3.9, 3.10 and 3.11, results with a SoC less than 40% are not displayed and reason is again same that the voltage dip becomes non-linear on lower SoCs for higher currents and it can cross 0% SoC level easily. It is very difficult to say by observing the results if any current level is producing reliable results because error can be seen lower at lower currents and sometimes at higher currents.

	capacity is obtained
	Fig. 3.8 Comparison between the prediction of Ah capacity with real capacities of batteries for eight
	old batteries (22-OD1 -22-OD8); SoC=100% and test current of 10A
	11. Error in prediction of battery

Fig. 3.9 Error in prediction of Ah capacity with two-pulse test for eight old AGM batteries (22-OD1 -22-OD8) at 5A current; Below figure is zoom at 80% SoC; Error is as high as about 40% Fig. 3.10 Error in prediction of Ah capacity with two-pulse test for eight old AGM batteries at 10A current; figure on right side is zoom at 50% SoC; Error is as high as about 35%

Table 3 .

 3 3 C-rate or discharge rate Vs. remaining capacity of the battery (Victron Energy) as given by manufacturer;Capacity factor can be Used from here[START_REF]Gel et AGM Batteries[END_REF] 

	C-Rate	End-Voltage (V)	Capacity of the AGM	Capacity of the Gel batteries (%)
			batteries (%)
	20 hours (0.05C)	10.8	100		100
	10 hours (0.1C)	10.8	92		87
	5 hours (0.25C)	10.8	85		80
	3 hours (0.33C)	10.8	78		73
	1 hour (1C)	9.6	65		61
	30 minutes (2C)	9.6	55		51
			(	)	(	)
	Let"s say if 0.05 C-rate is put into eq. 3.10 then the results is around 1 is which means the original 100%
	capacity can be used. So for the example before, 74.49% is the capacity for 0.45 C-rate (10A). Now the ideal
	SoC should be divided with this capacity factor to compensate this effect then compensated SoC becomes
	(2.5% / 74.49% = 3.356%). Now the SoH becomes 67% in the previous example given (3.356/5). So, the
	formula becomes			

10/22) 0.45 C. C-rate factors from a manufacturer are shown in the table 3.1. An equation 3.10 for AGM type battery is made by fitting from table 3.3.

Table 3

 3 

	.4

Table 3 .

 3 5 AGM Batteries (22Ah) SoH evaluation w.r.t. new battery and capacity factor (C.F.); Real capacity is evaluated by discharging the battery using a current based on C-rate =0.05C

	Battery	SoC1	SoC2	ΔSoC	SoH_New	SoH_C.F.	Original
		(%)	(%)	(%)	x C rated	x C rated	SoH x C rated
					(Ah)	(Ah)	(Ah)
	22-ND1	93.9	91.3	2.6			
	22-OD1	84.3	80.9	3.4	16.8	19.8	18.2
	22-OD2	102	98.1	3.9	14.7	17.2	14.8
	22-OD3	93	1.9	91.1	0.63	0.74	0.32

Table 3 .

 3 [START_REF]Access to electricity, rural (% of rural population) -Pakistan | Data[END_REF] Batteries charge loss slopes and arrangement of batteries from equation 3.20

	Battery	a	b
	22-OD6	-0.047	0.4096
	22-OD7	-0.01	0.1848
	22-OD5	-0.001	0.0515
	22-OD4	-0.008	0.0778
	22-OD2	-0.006	0.0671
	22-OD3	-0.004	0.0511
	22-OD8	-0.005	0.0524
	22-OD1	-0.004	0.0375
	22-ND1	-0.004	0.0322
	22-ND2	-0.004	0.0283
	22-ND3	-0.004	0.0283

Table 3 .

 3 Charge retention method for prediction of SoH after full charging (blue) and after bulk charging only; battery 22-OD2 and battery 22-OD3 have not been considered in this for giving an exceptional behavior; slopes are measured for one minute after disconnecting the charger; Battery capacity is measured from deep discharge method

	8 AGM Batteries charge loss slopes and arrangement from lowest to highest SoH considering all
			four slopes		
	AGM Battery	Slope from 0	Slope from1 to	Slope from 6 to	Slope from 14 to
	(Capacity)	to1mn	6mn (V/min)	14mn (V/min)	31mn (V/min)
		(V/min)			
	22-OD6 (2.2Ah)	0.58	0.018	0.005	0.0012
	22-OD7 (4.2Ah)	0.49	0.018	0.0063	0.003
	22-OD5 (4.2Ah)	0.36	0.02	0.01	0.0035
	22-OD4 (14.24Ah)	0.37	0.02	0.0063	0.0024
	22-OD8 (16.64Ah)	0.31	0.012	0.0063	0.0012
	22-OD3 (14.84Ah)	0.17	0.02	0.0088	0.0024
	22-OD1 (18.24Ah)	0.25	0.012	0.0075	0.003
	22-OD2 (17.47Ah)	0.1	0.012	0.0063	0.0024
	22-ND3 (22Ah)	0.13	0.012	0.0063	0.0041
	22-ND2 (22Ah)	0.11	0.018	0.0075	0.0047
	22-ND1 (22Ah)	0.03	0.008	0.0063	0.0035

Table 3 .

 3 

		9 Retention Indicator for AGM batteries	
	Battery (Capacity)	Retention Indicator	Battery (Capacity)	Retention Indicator
	22-OD1 (18.24Ah)	2.27	22-OD5 (4.2Ah)	3.27
	22-OD2 (17.47Ah)	0.91	22-OD6 (2.2Ah)	5.27
	22-OD3 (14.84Ah)	1.55	22-OD7 (4.2Ah)	4.45
	22-OD4 (14.24Ah)	3.36	22-OD8 (16.64Ah)	2.82

  .31) can be modelled. They are fitted using logarithmic fittings available in Excel. All the batteries are following a logarithmic pattern as demonstrated by the low ISE in table 3.11. In this table, batteries are also going down on battery capacity from top to bottom except battery 22-OD2 which is behaving like a new battery because it has been over charged. So, it can be seen that the absolute value of the coefficient with ln(t) is increasing with decreasing SoH of the battery. In the other words, the slope of the decreasing voltage after charging is proportional to age of the battery.

		44 Ah		61Ah
	Flooded	Slope0-1 (V/min)	Battery	Slope0-1(V/min)
	Battery			
	44-OF1	0.2	61-OF3	0.81
	44-OF2	0.4	61-OF2	0.36
	44-NF3	0.35	61-OF1	0.34
			61-NF1	0.36

Table 3 .

 3 .12, all of these methods are given in a shot. It is tried to sum up most of their aspects like in what SoC range they work, if they are dependent on a specific range of SoC, if they work for only new and first life batteries and at lower SoH they are inaccurate, what amount of time they need for evaluation, advantages and disadvantages, and finally, what is their best possible use and how accurate they are. The green box indicates the best method which can be used for second-life batteries. 12 Comparison of DC SoH methods

	Method	SoC	SoH	Time Advant	Disadvantages	Best Use	Accuracy
		Range	Range		ages		
		and					
		Depende					
		ncy					
	Two-Pulse Method	100-80%	100-	30 sec -Cheap	-SoC and SoH range are very limited	-All batteries (In specified	Good in the
		[117]	80%		-Fast	-Not applicable for Second-life Batteries	SoC and SOH range)	high SoC
		No	[117]			-Requires characterization of batteries	-Usable in battery SoH	range
						-Gives equal proportion to Corrosion and	when history is unknown
						Sulphation in ageing evaluation	
	Internal DC	100-0%	100-0% 1-10	-Cheap	-Highly inaccurate	-To arrange batteries in	Bad
	Resistance Method	No		sec	-Fast	-Only Corrosion dependent method	SoH order
	Short Discharge	100-0%	100-0% 1-20	-Cheap	-More time consuming than other Methods	-All batteries (If SoC	Good if SoC
	Method	Yes		min		-Can be highly inaccurate if SoC is wrongly	accurately detected)	is accurately
						detected	-Usable in battery SoH	detected
						-Highly dependent on right SoC evaluation	when history is unknown
	Charge retention	100%	100-0% 1-30	-Cheap	-More time consuming than other Methods	-To arrange batteries in	Indicative
	Capacity	Yes		min		-100% charging required	SoH order	method
							--Usable in cars
	Current vs Internal	100%-	100-0% 1-10	-Cheap	-Need DC and EIS high frequency measurement	-To arrange batteries in	Indicative
	Resistance Method	0%		secon		-Expensive	SoH order	method
		Yes		ds			-Usable in cars

Table 4

 4 

	.1 Difference between Two Equipment for Different SoC and SoH
		Conditions		
		Test 1	Test 2	Test 3	Test 4
	Voltage	12.54V	13V	12.38	13V
	SoC (%)	80	98	60	98
	Battery #	22-OD6	22-OD5	22-OD7	22-OD3
	SoH (%)	10	18	30	68
	Frequency (Hz)	Difference (%)			
	1000	0,2059	0,9945	0,2973	0,1220
	359,38	0,2251	0,1812	0,3029	0,0470
	129,15	0,2226	0,1845	0,1218	0,0775
	46,42	0,4906	0,0913	0,1493	0,3862
	16,68	0,5159	0,3951	0,4512	1,2503
	5,99	0,6395	0,3949	0,5108	0,2824
	2,15	0,5367	0,8251	1,3304	1,3162
	0,77	0,8226	2,0423	1,3601	1,4365
	0,28	0,5723	4,2719	1,5504	2,6039
	0,10	0,6161	6,0884	1,7930	5,4882

Table 4 .

 4 2 Parameters extracted from the same EIS spectrum with different C limits

	R ohm	R ct	C dl	L	k	CdS
	(mΩ)	(mΩ)	(F)	(µH)		
	21.56	27.25	100	0.38 0.4448 3.513
	21.3	34.833 1000 0.46 0.3463 3.185
	21.14	44.22 10000 0.51 0.2820 3.29

Table 4 .

 4 [START_REF] Klausner | Reuse of Electric Motors in Consumer Products: Design and Analysis of an Electronic Data Log[END_REF] Batteries SoH according to R ohm only; Error is computed for SoH w.r.t.The value of R new can be noted from datasheet and R old need to be evaluated from experiments on batteries of the same type and capacity. Such data could be provided in a table in future work. As the ohmic resistance varies a lot with SoC, this could introduce more error in the method. To avoid this, a 100% SoC is used. The second important factor for the ageing is sulphation. The CdS is found as a right indicator for sulphation evaluation as it includes Rct, C, k. The different CdS values are calculated for all the EIS spectrums of the batteries under test and are plotted in figure4.10. The ageing trend is visible as batteries 22-OD7 and 22-OD6 have the highest ratios, which are the oldest ones. Contrary to most DC methods where only corrosion is evaluated, this sorting is better because sulphation is a way stronger phenomenon for ageing than corrosion. Moreover, it can be seen in figure

	Original SoH

  .8 & 4.10 that the representations of corrosion (R ohm ) and sulphation (CdS) vary against SoC so it is very necessary to consider the approximate SoC of the battery under observation. By knowing SoC, the R ohm and CdS can be known for the new battery parameters to compare. It is worth mentioning that the reference values of R ohm and CdS have to be set where they start and end at the different state-of-charge values. So the idea is to compare R ohm and CdS of the old battery with the new and oldest battery counterparts as references. The characterization equations of these parameters can be done with the data and then values can be found at any SoC values when needed. Three new batteries of the same type are fully charged and then discharged in ten steps and their EIS are plotted at those points. Parameters identification is computed from the EIS and then, R ohm and CdS are plotted vs SoC in figure4.8, 4.9 and 4.10,  Between 20% and 100% SoC for R ohm  Between 20% and 80% SoC for the CdS.

Table 4 .

 4 4 Real Capacities vs Predicted Capacities of the old batteries by our CdS based method Figure 4.16 Errors in battery capacity prediction in percentage for eight old batteries at seven different CdS based method is based on parametric identification of the battery from an EIS. These parameters can be used to estimate the SoH of the battery.  CdS is a new parameter introduced which is very critical in evaluation of SoH. It depends on charge transfer resistance, capacitance.  Error in SoH evaluation is less than 10% out of 56 predictions as it takes into consideration either corrosion and sulphation.

					22-	22-	22-	22-	22-	22-
			22-OD1 22-OD2	OD3	OD4	OD5	OD6	OD7	OD8
	Real Capacity								
	from Deep								
	Discharge								
	(Ah)		18.28	17.472	14.84	14.24	4.2	2.2	4.2	16.64
		SoC							
		(%)							
		20	17.85	18.12	12.79	15.41	3.71	1.17	1.95 16.06
		30	18.37	18.14	13.35	14.91	4.82	1.06	3.02 15.86
	Predicted Capacities (Ah)	40 50	18.53 18.64	17.77 17.64	13.93 14.61	13.70 14.65	4.67 5.34	0.95 1.00	2.44 16.44 4.31 16.95
		60	18.16	17.56	14.56	14.58	6.20	1.12	4.96 17.11
		70	17.19	16.92	15.16	14.67	6.53	1.48	5.70 17.29
		80	16.73	15.52	14.75	14.29	7.49	1.82	6.23 17.41
	Average								
	prediction Error								
	(%)		1.61	0.42	3.1	1.65	6.1	4.42	0.52	0.41
				SoC values from 20-80%			



  Here, the same battery is discharged on 1A and 10A current till 70% SoC then the two-pulse test is performed. It can be seen that the CdS is divided by two but the voltage dips (from the Two-Pulse test) are almost the same. So, if somehow the voltage dips can be noted according to the age then this can give just a qualitative indicator that the CdS value is falsely placed. A lookup table like table 4.5 can be made according to voltage dips and CdS growth then by noting voltage drop, the true CdS value can be taken from the table. But it is cumbersome process so a better solution is proposed next.

		.23 & 4.24.			
	Table 4.5 Two-Pulse tests vs EIS for different initial currents
	Discharge ΔV ohm (V) ΔV RC (V) ΔV(V) CdS
	1A	0.5621	0.2349	0.797	12.05
	10A	0.6091	0.2349	0.844	7.58

Table 4 .

 4 [START_REF]Access to electricity (% of population) | Data[END_REF] Real vs Predicted capacities using an old known battery (22-OD8) out of same lot

						Real Capacity (Ah)		
				18.24	13.68	14.24	14.84	4.2	2.2	4.2
		Bat8				Predicted Capacity (Ah)		
	SoC	Rohm	CdS	22-OD1 22-OD2 22-OD3 22-OD4 22-OD5 22-OD6 22-OD7
	(%)	(mΩ)								
	0	81.2	34.10	5.94	42.15	17.82	63.44	12.90	11.16	10.04
	10	63.6	14.02	8.11	44.97	20.42	33.10	7.31	5.35	5.08
	20	49.5	13.33	6.79	38.72	23.38	32.93	9.43	6.63	5.87
	30	40.5	10.41	6.31	24.66	21.66	27.69	9.49	5.72	5.70
	40	36.7	4.76	10.82	10.31	13.31	13.79	5.75	3.58	3.91
	50	32.4	4.92	10.59	17.09	14.92	15.00	5.94	3.63	4.53
	60	29.6	4.36	13.15	13.59	12.74	12.75	5.73	3.23	4.34
	70	26	4.72	16.08	10.15	13.10	12.26	5.79	3.36	4.44
	80	24	5.74	17.62	9.58	12.46	11.72	6.41	3.59	4.83
	90	22	7.05	26.49	7.02	9.97	11.32	7.31	3.35	4.65
	100	19.3	14.95	61.04	3.49	7.11	9.41	6.94	4.81	5.42

Table 4 .

 4 [START_REF]Access to electricity, rural (% of rural population) -Pakistan | Data[END_REF] Real vs Predicted capacities using an old known battery (22-OD1) out of same lot

						Real Capacity (Ah)		
				16.64	13.68	14.24	14.84	4.2	2.2	4.2
		22-OD1			Predic ed Capacity (Ah)		
	SoC	Rohm	CdS	22-	22-OD2	22-	22-	22-	22-	22-
	(%)	(mΩ)		OD8		OD3	OD4	OD5	OD6	OD7
	0	55.1	9.43	6.51	14.42	6.98	20.95	4.90	4.26	3.48
	10	45 2	6 05	8.89	22.59	10.6	16.77	4.04	3.01	2.65
	20	35.5	4.41	7.45	15.53	9.61	13.25	4.16	3.03	2.42
	30	28.8	3.0	6.91	9 39	8.12	10.21	3.85	2.44	2.11
	40	25.8	3.03	11.86	7.41	9.48	9.82	4.14	2.6	2.78
	50	23.64	3.02	11.61	11.84	10.35	10.40	4.21	2.62	3.12
	60	21.56	3.51	14.41	11.79	11.03	11.05	4.91	2.75	3.83
	70	19.9	4.79	17.62	10.65	13.90	13.02	5.97	3.42	4.81
	80	19.05	6.46	19.31	10.99	14.40	13.62	7.25	4.02	5.77
	90	17.99	12.58	29.03	11.47	16.5	19.64	12.33	5.51	8.57
	100	17.7	65.12	66.91	9.79	23.99	36.68	26.39	20.11	23.97

  another battery is made as a reference, then the results can be seen in table[START_REF] Kim | Second life of power supply unit as charge controller in PV system and environmental benefit assessment[END_REF].7 and table 4.8. In table 4.7, battery 22-OD1 is made the reference which is highest in the capacity and it can be noticed that results are improved. In table 4.8, the reference is the battery 22-OD6 which is the lowest in capacity among the lot. Results improvements are visible in case of battery 22-OD6 where formula from equation 4.32 is applied. This data is presented in the figures 4.27 a, b, c from 40%-80% SoC which is more probable to happen in the real world scenarios. It can be noticed that when battery # 22-OD1 is used as a reference then error percentage is less than battery 22-OD6 or22-OD8. This gives the selection preference if multiple battery capacities are known that highest capacity battery should be selected.New battery equations are derived from experimental data and are done on three different batteries but the data remains almost same and error between two batteries is negligible (~5-8%). The purpose of computing these equations is that the Rohm and CdS values for new batteries should be available at all SoCs which occur in real scenarios in field tests. The CdS and R ohm are plotted against SoC in figure4.29a and 4.29b for different batteries with 61Ah capacity, one new battery 61-NF1 and 3 old batteries, named 61-OF1 to 61-OF3. The same kind of plots can be seen in figure4.30 and 4.31 for different batteries with 44Ah capacity, one new battery 44-NF2 and two old batteries, named 44-OF1 to 44-OF2. CdS and R ohm are shifting when ageing is increasing but certain irregularities can also be noted in the curves especially for CdS curves. These irregularities might be happening because as battery size increases (capacity) then more current (0.5C) is needed to discharge it every time and hence more disturbances are produced inside battery. It requires more time to settle down. But this would not be the case in field when battery just needs to be evaluated without deep a discharge (which is required in laboratory to see battery behavior at all SoCs).

								(	)	
								(	)	
	Table 4.8 Real vs Predicted capacities using an old known battery (22-OD6) out of same lot
						Real Capacity (Ah)		
				18.24	13.68	14.24	14.84	4.2	4.2	16.64
		22-OD6			Predicted Capacity (Ah)		
	SoC (%)	Rohm (mΩ)	CdS	22-OD1	22-OD2	22-OD3	22-OD4	22-OD5	22-OD7	22-OD8
	0	224.2	49.54	11.04	8.75	4.044	12.87	2.87	2.10	3.77
	10	222.5	49.2	16.47	20.86	9.47	15.36	3.39	2.36	7.72
	20	210	34.45	16.34	13.99	8.57	11.93	3.61	2.15	6.41
	30	201.3	31.27	20.95	10.59	9.23	11.70	4.21	2.42	7.48
	40	183.5	28.28	19.55	7.74	10.15	10.50	4.31	3.01	12.66
	50	167.1	29.52	20.33	13.26	11.56	11.62	4.52	3.54	12.83
	60	156.5	29.31	17.88	11.60	10.83	10.86	4.75	3.80	14.16
	70	144.1	28.62	13.69	7.97	10.33	9.67	4.52	3.53	13.15
	80	132.3	30.87	11.46	6.85	8.90	8.37	4.59	3.44	11.88
	90	117.1	39.64	8.41	5.13	7.31	8.33	5.37	3.44	12.25
	100	99.5	49.11	3.80	1.96	3.74	4.63	3.46	2.48	8.05

Table 4 .

 4 [START_REF]THE POTENTIAL OF SMALL HYDRO FOR RURAL ELECTRIFICATION[END_REF] Comparison of all the SoH methods presented in the chapter 4

	Method	SoC	SoH	Time	Advantages	Disadvantages	Best Use	Accuracy
		Range	Range					
		and						
		Depende						
		ncy						
	CdS Based	80-20%	100-0%	1-6	-Accurate	-Expensive due to EIS	-All batteries (In	Good in the
	Method	Yes		min	-Considers Corrosion and	(equipment but cost will be	specified SoC range)	SoC range
					Sulphation for ageing evaluation	reduced in the future as	-Usable in battery SoH	
					-Only method with widest range of	mentioned in the	when history is	
					SoC and SoH with good accuracy	perspectives	unknown	
					-Fast	-Requires new battery		
						equations		
	Internal AC	100-0%	100-0%	<1 sec -Cheap	-Inaccurate	-To arrange batteries in	Bad
	Resistance	No			-Fast	-Only Corrosion dependent	SoH order	
	Method					method		

Table 5 .

 5 1 Comparison of All SoH Methods Presented in the Thesis

	Method	SoC Range +	SoH	Time	Advantages	Disadvantages	Best Use	Accu_
		Dependency	Range					racy
	CdS Based	80-20%	100-0% 1-6	-Accurate and Fast	-Expensive due to EIS	-All batteries (In specified	Good in
	Method	Yes		min	-Considers Corrosion and	-Requires new battery equations	SoC range)	the SoC
					Sulphation		-Usable in battery SoH when	range
					-Only method with		history is unknown	
					widest range of SoC and			
					SoH with good accuracy			
	Two-Pulse	100-80% [117]	100-	30 sec	-Cheap	-SoC and SoH range are limited	-All batteries (In specified	Good in
	Method	No	80%		-Fast	-Not applicable for 2°life Batteries	SoC and SOH range)	the SoC
			[117]			-Requires characterization of batteries	-Usable in battery SoH when	range
						-Gives equal proportion to Corrosion and	history is unknown	
						Sulphation in ageing evaluation		
	Internal DC	100-0%	100-0% 1-10	-Cheap	-Highly inaccurate	-To arrange batteries in SoH	Bad
	Resistance	No		sec	-Fast	-Only Corrosion dependent method	order	
	Method							
	Short	100-0%	100-0% 1-20	-Cheap	-More time consuming / other Methods	-All batteries (If SoC	Good if
	Discharge	Yes		min		-Can be highly inaccurate if SoC is	accurately detected)	SoC is
	Method					wrongly detected	-Usable in battery SoH when	accurately
						-Highly dependent on right SoC	history is unknown	detected
						evaluation		
	Charge	100%	100-0% 1-30	-Cheap	-More time consuming / other Methods	-To arrange batteries in SoH	Indicative
	retention	Yes		min		-100% charging required	order	method
	Capacity						-Usable in cars	
	Current vs	100%-0%	100-0% 1-10 s	-Cheap	-Need DC and EIS high frequency	-To arrange batteries in SoH	Indicative
	Internal	Yes				measurement	order	method
	Resistance					-Expensive	-Usable in cars	
	Method							

.2 Internal DC resistance Method

  

						22-OD5 22-OD2 22-ND3	
		SOC (%) SOC (%) SOC (%)	Rohm (Ω) Rohm (Ω) Rohm (Ω)	Rct (Ω) Rct (Ω) Rct (Ω)	C (F) C (F) C (F)	L (H) L (H) L (H)	sigma sigma sigma
		0	0 0	119.7008 84.46421 34.59745	239.1289 124.2202 72.82317	22-OD8 10000 10000 10000	6.28E-07 2.22E-14 1.69E-07	0.132348 0.255051 0.226625
		SOC (%)	Rohm (Ω) 111.6792 59.41496 21.26752	Rct (Ω) 109.6293 91.33763 C (F) 55.45732 10000 33.27138 10000	L (H) 3.87E-07 2.77E-07 3.97E-07	sigma 0.256127 0.271624 0.299096
		0		81.17504 93.56799 54.98627 16.72425	42.32391 95.87026 179.2902 0.20669 46.40308 10000 30.14159 10000	7.73E-07 4.17E-07 1.57E-07 3.00E-07	0.206005 0.266973 0.285554 0.318437
				63.47046 80.10427 50.47493 14.21368	62.68542 83.54338 138.9241 10000 43.43425 10000 27.33777 10000	4.06E-07 3.25E-07 2.67E-07 2.68E-07	0.202147 0.308949 0.27595 0.328643
				50.03432 71.05705 47.44217 13.04533	44.50743 58.28962 18.89646 10000 42.87402 10000 23.75389 10000	4.11E-07 2.30E-08 2.79E-07 3.03E-07	0.202231 0.446537 0.264839 0.341607
				40.83761 63.37374 44.7831 11.85762	42.15339 52.28526 12.17315 10000 51.5573 10000 24.6486 10000	6.26E-07 1.02E-07 3.01E-07 3.70E-07	0.142401 0.488038 0.271573 0.332966
				36.60568 55.32918 41.76248 10.60022	33.85336 51.60378 68.46639 27.95623	10000 13.2357 10000 10000	5.80E-07 3.14E-07 3.17E-07 2.63E-07	0.201557 0.485872 0.260578 0.326936
				32.51281 49.57383 38.99083 9.347671	34.35014 49.64894 9.310044 10000 70.56563 1060.609 4.68E-07 5.04E-07 1.19E-07 31.9336 10000 3.94E-07	0.221678 0.520828 0.30103 0.304017
				29.35486 44.05844 38.65585 9.144069	38.88441 50.51212 63.64385 37.76948 3.30E-07 10000 4.24E-07 7.7299 1.15E-07 40.53271 10000 3.26E-07	0.24255 0.543708 0.44058 0.295456
				25.84398 39.33339 38.02102 9.981943	39.85738 3602.151 51.67617 7.530121 70.29965 7.626698 1.39E-07 3.89E-07 1.59E-07 26.70743 17.70088 1.96E-07	0.268177 0.544904 0.548629 0.576213
		100 100 100	23.87719 35.81169 38.36231 8.950176	38.60241 338.6169 92.11042 4.265442 190.2694 2.77908 186.3643 25.71257	2.60E-07 1.87E-07 2.22E-14 3.89E-07	0.344079 0.598469 0.659859 0.532307
				22	40.2	83.764 22-OD4 22-OD1 22-ND2	3.39E-07	0.3933
		100 SOC (%) SOC (%) SOC (%)	19.3 Rohm (Ω) Rohm (Ω) Rohm (Ω)	63.6 Rct (Ω) Rct (Ω) Rct (Ω)	17.14 C (F) C (F) C (F)	2.169E-07 L (H) L (H) L (H)	0.5096 sigma sigma sigma
		0	0 0	68.60645 54.82783 34.06996	22-OD7 10000 78.98181 10000 76.0192 97.79722 10000	3.01E-07 2.40E-07 1.25E-07	0.243092 0.223286 0.240657
		SOC (%)	Rohm (Ω) 58.64017 44.88729 18.73406	Rct (Ω) 53.59161 60.74902 10000 C (F) 10000 32.57395 10000	L (H) 4.96E-07 1.16E-07 3.77E-07	sigma 0.231181 0.249699 0.302592
		0		275.7762 53.39499 35.2513 15.41275	162.6838 46.4823 47.49024 10000 10000 10000 23.30471 10000	5.11E-07 4.59E-07 3.67E-07 4.07E-07	0.173425 0.220866 0.262853 0.299492
				262.1669 49.54276 28.60764 12.95022	152.6086 44.65497 36.59627 10000 10000 10000 21.45774 10000	4.47E-07 3.74E-07 3.34E-07 3.35E-07	0.178156 0.225489 0.280109 0.295488
				244.9237 45.11963 25.75139 11.95634	138.5617 44.70416 34.90923 10000 10000 10000 20.31477 10000	6.00E-07 4.37E-07 2.69E-07 1.97E-07	0.172149 0.220748 0.284883 0.318458
				234.1924 42.82162 23.48628 10.77634	95.81013 827.8251 46.52687 10000 35.37084 10000 21.93083 10000	6.01E-07 3.57E-07 2.37E-07 3.86E-07	0.225894 0.23856 0.283661 0.313161
				216.8754 39.9456 21.0 10.0548	99.32428 1989.715 50.12133 10000 42.8 10000 24.83464 10000	5.36E-07 4.52E-07 5.39E-07 4.07E-07	0.211546 0.240505 0.275224 0.309656
				203.8709 37.19828 19.8 9.312387	74.6092 41.93289 397.9447 249.2434 35.2 92.9 26.08367 677.90	6.56E-07 4.60E-07 2.32E-07 3.37E-07	0.273926 0.323229 0.434063 0.371122
				188.0855 34.35732 19.0 9.071509	78.62545 299.2249 45.17445 131.6251 35.8 32.2 27.32004 91.20	5.83E-07 4.05E-07 1.43E-07 4.42E-07	0.281238 0.362325 0.492543 0.442034
				176.1 30.93641 18.2 8.873242	69.5 51.74927 64.89608 79.3626 45.4 7.6 30.81605 16.76	4.24E-07 4.22E-07 1.62E-07 3.56E-07	0.3372 0.38247 0.595072 0.543072
		100 100 100	162.8 29.25161 18.0 9.445934	76.1 78.13473 6.723272 73.6094 178.5 3.7 92.30819 2.69	4.24E-07 1.03E-07 2.22E-14 2.93E-07	0.3401 0.546587 0.674655 0.736131
				147.9	72.7	18.2461 22-OD3 22-ND1	3.85E-07	0.4025
		100 SOC (%) SOC (%)	125.8 Rohm (Ω) Rohm (Ω)	87 Rct (Ω) Rct (Ω)	5.7392 C (F) C (F)	4.65E-07 L (H) L (H)	0.4375 sigma sigma
	A	0	0	76.69655 39.16067	96.30688 145.5514	22-OD6 10000 10000	2.10E-07 1.70E-07 0.231855 0.199332
		SOC (%)	Rohm (Ω) 68.98952 27.57368	Rct (Ω) 82.37153 49.37449	C (F) 10000 10000	L (H) 2.62E-07 9.31E-08 0.321092 sigma 0.216498
		0		224.3292 61.69875 22.48098	125.2108 50.01634 67.79719 10000 30.34433 10000	4.79E-07 3.51E-07 1.21E-07 0.325492 0.24038 0.218267
				222.3995 55.47026 19.38159	145.6998 167.4912 59.66397 10000 24.87316 10000	6.25E-07 3.35E-07 1.93E-07 0.333825 0.204302 0.226383
				209.9659 48.14387 16.9634	111.0597 67.76618 51.10721 10000 24.78034 10000	3.67E-07 2.94E-07 3.56E-07 0.332466 0.277659 0.235222
				201.2955 42.51089 15.19282	104.7778 61.59592 49.60702 10000 27.43732 10000	2.38E-07 2.36E-07 2.41E-07 0.329403 0.293537 0.245077
				183.4749 37.50675 13.32044	91.02306 29.72087 50.10014 10000 30.35262 10000	1.75E-07 4.75E-07 2.50E-07 0.305158 0.344595 0.234793
				167.089 33.97177 12.62564	76.55289 44.94279 34.32952	9.55586 560.9877 10000	3.07E-07 2.60E-07 4.39E-07 0.298279 0.422388 0.323808
				156.492 30.06882 12.02253	78.74924 11.22484 43.56956 64.61367 34.47861 10000	3.29E-07 2.84E-07 4.40E-07 0.277151 0.40838 0.402194
				144.0912 25.95692 12.58186	74.36427 9.235417 49.15763 13.03123 26.66513 41.28058	3.39E-07 2.48E-07 4.03E-07 0.490888 0.429805 0.48027
		100 100	132.2639 25.06019 12.43095	72.06879 6.109679 103.6397 3.031087 169.3721 23.23163	1.56E-07 2.22E-14 3.68E-07 0.537242 0.468689 0.634016
				117.0511	74.25935 3.437962	2.92E-07	0.508746
		100	95.65656	336.1065 4.543569	2.22E-14	0.486838

Table A .

 A 2 Parameters of batteries w.r.t. SoC

			22-OD5 : 4.4Ah				22-OD4 : 14.24Ah	
	SoC	Rohm	Rct	C	L	k	Rohm	Rct	C	L	k
	(%°	(Ω)	(Ω)	(F)	(H)		(Ω)	(Ω)	(F)	(H)	
	0	119.70	239.13	10000	6.28E-07	0.13	68.61	76.02	10000	3.01E-07	0.24
	10	111.68	109.63	91.34	3.87E-07	0.26	58.64	53.59	10000	4.96E-07	0.23
	20	93.568	95.87	179.29	4.17E-07	0.27	53.40	46.48	10000	4.59E-07	0.22
	30	80.10	83.54	138.92	3.25E-07	0.31	49.54	44.65	10000	3.74E-07	0.23
	40	71.06	58.29	18.90	2.30E-08	0.45	45.12	44.70	10000	4.37E-07	0.22
	50	63.37	52.29	12.17	1.02E-07	0.49	42.82	46.53	10000	3.57E-07	0.24
	60	55.33	51.60	13.24	3.14E-07	0.49	39.95	50.12	10000	4.52E-07	0.24
	70	49.58	49.65	9.31	1.19E-07	0.52	37.20	41.93	397.94	4.60E-07	0.32
	80	44.06	50.51	7.73	1.15E-07	0.54	34.36	45.174	131.62	4.05E-07	0.36
	90	39.33	51.68	7.53	1.59E-07	0.54	30.94	51.75	64.90	4.22E-07	0.38
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A.10 EIS equipment datasheet

The datasheet can be seen on the following link: https://www.ni.com/pdf/manuals/373770k.pdf

Abbreviations

AHC

CHAPTER 2

Literature Review for Battery State-of-Health Methods aged battery, more means more C-rate and for the same current, a smaller value of the ampere hour capacity (AHC) is achieved from equation 2. [START_REF]Electriciens sans frontières[END_REF]. Characterization means that an equation is needed to drive like equation (2.14) where values of and are known. So for a new battery, is observed for different currents and then C R vs.

is drawn and from the curve fitting, an equation is fetched. It has been shown in figure 2. [START_REF]Electriciens sans frontières[END_REF]. These and may vary according to the different types and capacities of the batteries. These coefficients will be discussed further in the next chapter. Fig. 2.17 ΔV from new and aged battery (12 V 17.2 Ah) under a 10 A pulse discharge [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] Eq. 2.14 represents the characterization of the battery where values of and vary with the varying capacities and SoC (State-of-Charge) as well. In figure 2.12, the two pulses pattern has been shown while in figure 2.13, C R is plotted against . From the least square method, an estimated equation can be derived for a new battery. When this equation is used against the old battery, more gives more C R and this gives the less capacity in result for the older battery. C R from eq. 2.14 is put with the current in eq. 2.15 and the SoH is achieved from eq. 2.16. The process of the two-pulse method is shown in figure 2.12 with some points marked with the dedicated terms such as V max and V min . A characterization equation is derived by the original authors [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] for all the types of the batteries, which is as stated below.

( )

Another equation is found in the literature for 185Ah battery as below [START_REF] Marchildon | SOC and SOH Characterisation of Lead Acid Batteries[END_REF] ( )

The limitation of this method is that it is applicable only for the batteries with more than 80% SoH and SoC conditions. Below that, the accuracy of the method decreases significantly as mentioned by the original 

CHAPTER 3 DC based SoH Methods

pulse test and then do another one after one minute of that and SoC can be evaluated with the later one which would make the process more reliable. The second solution is that the discharge current or the time can be so high so that SoC difference is big enough and errors of SoC would not impact a lot.

Short discharge test is evaluated with two principles as explained in initial sections. SoH_New is tagged when the SoH is evaluated with the help of the new battery while SoH_C.F. is used when the capacity factor is used and in case of no new battery available. It can be noted that the SoH results for the flooded lead-acid batteries are presented in table 3.4 while the AGM type batteries results are shown in table 3.5. More results for flooded type batteries with 44Ah rated capacity are displayed in table 3.6 where results still remain promising for SoH_New than SoH_C.F. Please note that here both SoC and V max are displayed in the same column to evaluate with both methods. It is visible in table 3.4, 3.5 and 3.6 that SoH_New is more accurate than SoH_C.F. for flooded batteries. One possible reason is that the same capacity factor is used for flooded batteries as AGM batteries because no constants are provided from the manufacturers. In case of AGM batteries, SoH_New is still more accurate than SoH_C.F. but the difference is lesser. It is visible than all old batteries are nearly 80% or less in terms of SoH so this method is very good for the second-life batteries in the lead-acid battery family. Even the results are very good as the age of the batteries decrease which is very much needed for the second-life battery uses. Hence the carbon foot-prints of the lead-acid batteries can be even made lesser. This method provides a proper evaluation of the SoH even if the SoC evaluation has some error because the error will be same in both evaluation and will be neutralized in the SoH formula. In the next section, the results are compared with the two-pulse method results.

Comparison with the two-pulse method

The two-pulse method requires a characterization which includes plotting a graph between Cr (C-rate) and ΔV 2 for the new battery of the same type. Then an equation can be derived out of it for getting a corresponding Cr for a ΔV 2 whenever the two-pulse method is applied. This current applied can be divided by Cr to get the Ah capacity of the battery at the moment.

Equation for flooded batteries is derived as:

ΔV 2 + 0.0087 (3.17)

While equation for AGM batteries is as: Another factor is the aging of the battery which makes an old battery loose more voltage than the healthy battery in the same period of time. So a general equation can be written on these factors which can be as below, valid for all batteries

Here A and B are adjustment constants. The proposed charge retention capacity method is still yet to be improved and could be used as a good method assuming that the coefficients of the equation can be easily determined. This would have to be considered for the future work on this method as this is giving clue about SoH in the logarithmic drop of the slope.

Summary of section 3.7 (Charge retention capacity method)

 This method is based on the battery voltage drop when put in open circuit.  This drop is somehow proportional to ageing: New battery would loose the charge after long time while old battery would lose the charge early.  This method further needs to be improved for second-life batteries.

Sum up and conclusions

Five DC based SoH methods are discussed in this chapter. Out of the five methods, three are introduced for the first time in this thesis and two already existing methods are evaluated for the second-life batteries and few improvements are suggested.

The two-pulse test is a well-established method which can work without historical data of the battery. This method requires an equation which can be obtained from characterization of a new battery of same kind between ΔV 2 and C R . The V MAX value computed just before the start of the second pulse can be used as an

CHAPTER 4

Frequency based SoH Methods

Equipment

For 

Battery equivalent model and parameter extraction

The equivalent circuit for the battery ageing is displayed in figure 4.6 [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF] and the expression of the equivalent impedance of the circuit is given in eq. (

 Z is the impedance of the negative electrode in the battery  R ohm is the ohmic resistance at high frequencies,  is the angular frequency,  L is the inductance  0< k <1.  CPE in figure 4.5 is a constant phase element which is an alternative to the double layer capacitance C dl . As in many other papers [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF] [156] [148] [115], the electrolyte which corresponds to R 2 and C 2 is not considered in this research. The reason is that the electrolyte does not play any part in the ageing mechanism. The two main factors for ageing are the corrosion and sulphation which only happen on the electrodes. First, it has to be said that the inductance L does not vary with the ageing. In this model, see figure 4.5, the changes in R ohm (Ohmic Impedance), R ct (Charge Transfer Resistance) and C dl (Capacitance) and k are linked to the ageing. The reason for using k as power of complex number is that it helps in fully fitting the EIS spectrum as it has been put in evidence in [START_REF] Kwiecien | Determination of SoH of lead-acid batteries by electrochemical impedance spectroscopy[END_REF] [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF].. Simpler first order models with k=1 are not sufficient to achieve satisfying identification results. This will be further explained hereafter. The equation for this model is represented in (4.4) to extract the parameters for battery modeling [START_REF] Kwiecien | Correct processing of impedance spectra for lead-acid batteries to parameterize the charge-transfer process[END_REF].

Here, k is not an integer and it helps in matching the height of the first semi-circle. In figure 4.5, the CPE is a Constant Phase Element which is an alternative to the double layer capacitance C dl [START_REF] Majchrzycki | Electrochemical impedance spectroscopy and determination of the internal resistance as a way to estimate lead-acid batteries condition[END_REF]. CPE behaves as pure resistor with k=0 and becomes a capacitor when k is 1. For k between 1 and 0, CPE is a complex mixture of resistor and capacitor and that is how it fits the EIS spectrum the best. Using the CPE is better in finding the ageing trends and hence SoH evaluation, as compared to only with a capacitance. This can be

CdS modeling

The CdS prediction according to the SoH and SoC is an important thing so modeling the CdS is an interesting part for the ageing evaluation of the lead-acid batteries. Modeling can be started with the sulphation part of the ageing formula (4.11) which is dependent on CdS.

Please note that equation 4.11 is a part of equation 4.8 in which SoH is responsible for two parts; corrosion and sulphation (CdS). CdS part is presented in equation 4.11 which leads to (4.12)

So, in order to find the CdS at any value of the SoH and SoC, the values of CdS new , CdS end and Ah remaining (CdS) should be known. Following this formula, the CdS value will never go out of the range of the minimum and maximum values of the CdS, i.e. between CdS new and CdS end . The CdS new should already be known from the new battery and its data sheet. The CdS end can be found by putting end capacity which should not be zero but something between 1-5% of the full capacity.

This evaluation is done for 22 Ah batteries at 50% SoC. Please note that CdSnew is taken from figure 4.12 and Ah remaining (CdS) is taken from the fact that dead battery is 4% capacity remaining (22*4% = 0.88Ah) then sulphation takes 80% portion out of that (0.88*0.8 = 0.7Ah). So this is how the can be found easily and can be used in the original evaluation formula then only one value is unknown in equation (4.12) which is

. But still, is on both sides of equations and it makes it difficult to compute. The following transformation is required to solve this. From equation (4.12), it can be derived:

Here, the Lambert function W is applied to transform it as

It can be used in the Matlab as "lambertw" function.

The prediction of the CdS from the equation (4.13) is done in figure 4.26 as well in the comparison to the real values. Here, , the rated capacity, and are known while Ah remaining (CdS) can be put at any possible value to see the growth of the CdS accordingly for the ageing. In 

SoH evaluation with wrong SoC evaluation

Now, this method is analyzed in terms of the SoC error. What would be the impact of a wrong SoC evaluation although it is little prone to SoC evaluation rightly? There are some methods available for SoC evaluation which are discussed in the section 2.6. This is an evaluation of SoC by the voltage value but even if SoC value is not rightly decoded then a scenario is presented in figure 4.28. This is presented for battery 22-OD3 only here and it is valid for other batteries as well.

The original SoC is 50% but all values for the SoC in between 20-80% are tried step wise just to see how error evolves. The error is no more than 2 Ah in all the cases w.r.t. either the real Ah capacity or original prediction by method so the highest error is no more than 9% in all cases of SoC. So, it can be seen that the SoC evaluation error is not affecting the SoH evaluation a lot. 

CdS based method for flooded (SLI) batteries

The CdS based method is dependent on using the corrosion and sulphation in 20% and 80% ratios respectively as explained previously. The corrosion is used linearly for evaluating the ageing while the sulphation is used non-linearly as given in previous formulae if evaluated w.r.t. the new battery. If an old battery is used as a reference, then linear evaluation can be used within acceptable range of the errors and especially where new battery data is not available. This is verified for the AGM batteries and some promising results were shown. This same routine of the SoH assessment can be applied on car flooded batteries (SLI). These batteries are put in tougher environments than the dry batteries i.e. when used in cars; they are exposed to more heat and wider range of temperature due to weather. When the temperature of the battery goes higher then there is more chance of the liquid electrolyte to convert into vapors and electrolyte can be less in the battery and the columbic efficiency can go down. In result, the capacity of the battery appears to be less than what it should be.

Here some car flooded batteries are evaluated for the SoH with the CdS based method. Each battery is discharged from 100% to 0% SoC in steps of 10% SoC including old and new batteries of the same kinds. Then CdS and R ohm equations are derived by fitting for new batteries (named New Flooded=NF) to help having values on all SoCs while evaluating SoH of the old batteries. New battery parameter equations for 61Ah battery (61-NF1) are as below:

New battery parameter equations for 44Ah battery (44-NF2) are as below:

CONCLUSIONS AND PERSPECTIVES

Conclusion

This thesis has been dedicated to the re-use of lead-acid batteries into their second-life.

Lead-acid batteries are still used in cars and still discarded in a big number [START_REF] Schmid | Introduction to energy storage with market analysis and outlook[END_REF]. The biggest hurdle is to evaluate the SoH of the batteries when one goes to buy some, without knowing its history. So a solution is needed to check if they are healthy enough for second-life applications. A method is needed which can work fast (~5 min), cheap, reliable (<10% error), without history data and for a wide range of SoC and SoH.

Different methods have been proposed in the literature and it has been found that the deep discharge method is the most reliable method till now where a battery is discharged at 20 hours current rate. But this is long, tedious and consumes every time a cycle of battery life so it is to be avoided. Nevertheless this method was used here as the reference method to get the real capacity of the batteries.

The two-pulse method is another method [START_REF] Coleman | State of health determination: Two pulse load test for a VRLA battery[END_REF] where the initial characterization for a new battery of same type is required so it can be applied to an old battery. This method performs bad under 80% SoH and SoC. So, this method is not useful for second-life batteries.

The internal DC resistance method is a method used in the literature which gives up to 80% error when it is evaluated as it is discussed in the literature. According to a new criteria developed in this thesis, the error goes down to 40% but still it is not good enough.

The short discharge method is a new method introduced in this thesis and it has been found that this method is fulfilling the criteria of being fast, cheap, reliable, working without history data and for wider range of SoC and SoH. So, this method can be used for second-life batteries.

The current vs. internal resistance and charge retention capacity methods are two new methods introduced in this thesis as well but they still need to be further investigated to make them workable for second-life battery scenario.

The Electrochemical impedance spectroscopy (EIS) is a good technique used in the literature to see if battery is aged or not. But still there was no formula available to evaluate the SoH of the battery. In this research a new method based on EIS is developed and is named as CdS based method. This method is based on two ageing phenomena: corrosion and sulphation. A new formula is extracted on these phenomena and it has been found that this method gives less than 10% error on more than 98% tests. So this method is a very good method for second-life batteries.

The Short discharge method and CdS based method are the two best methods out of this research work which meet the criteria for second-life batteries.

This part further justifies the above given claims by comparing the advantages, disadvantages and uses of these methods. This would ease to compare the methods as all methods are presented together here. After discussing the SoH methods, some possible scenarios, their benefits and problems can be summarized with some possible uses. This has been presented in table 5.1. The SoC range details the range of use of the method. Most methods work for all the range of SoC values except the two-pulse method which works only above 80% SoC (results are worst in terms of accuracy below that limit as presented by the original authors and verified in this research as well) [116] [117]. The other DCbased methods claimed to be working for whole range of SoC but are not accurate enough in our case.

The SoC dependency expresses the need of SoC values in any form to be processed. The same explanation is valid for the SoH range.

The time consumption of the methods is a very interesting topic as well, as only the charge retention capacity method takes around half an hour (but still, the variant of method we proposed takes only one minute) while other methods take less than 5 minutes or even some seconds.

The CdS based method uses the EIS and it depends how many points per sweep are required and what is the integration and delay times for the EIS. Measuring10 points per sweep from 1 kHz to 700 mHz takes only one minute.

All of these methods are fast and cheap except using the EIS but we"re actually investigating some non-commercial ways [159] [160] to perform it so it can be cheap as well.

To finalize it can be said that some new SoH methods have been developed in this manuscript for second-life batteries which are fast, cheap, reliable, working without history data and for a wide range of SoC and SoH.

Deep discharge model is made to elaborate the full deep discharge behavior of the battery. For deep discharge models, the tricky thing to do in order to include ageing is just changing the battery capacity. Then, discharge curves for the aged battery can be modelled i.e. if a 200 Ah battery behaves like a 180 Ah battery after a time with SoH of 0.9. Consequently, 200 Ah can be replaced by 180 Ah in the equation (if the model is based on the discharge equations) and ageing effect can be seen easily in the discharge curves.

Fast response model or transient response model is made to plot the fast changes in the model of the battery voltage when the charging or the load is applied. This is normally plotted with the help of a resistorcapacitor parallel branch in series with a resistor. This will be further shown in the models presented next.

Empirical sulphation model is a model typically designed to see the resistance growth of a battery when cyclic ageing, discharge current and charging time are known. All these models will be combined together later to have them in one model.

It is important to notice that only battery discharge is discussed here. The same technique can be applied on the charging equations and this effect can be noted as well. Sometimes, more accurate curves are needed for the modelling as it can be noted that there is no compensation for discharge rates and temperature effect in these equations. That is why some techniques are needed to use the battery datasheet and to extract some parameters out of it in order to model the battery behavior more accurately as done in [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF]. Figure A.27 is taken from [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF] where it can be noticed that there is an input for the battery capacity. Changing this capacity value in proportion to ageing will change the discharge curves automatically and hence the ageing effect can be studied. 

Eq. (A.1) comes from [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF] and is very similar to the Shepherd"s equation [START_REF] Shepherd | Design of Primary and Secondary Cells: II . An Equation Describing Battery Discharge[END_REF]. In order to get the constant values listed in this equation (p, q, q2, w and q1), values are extracted from the curves in the datasheet which is itself a cumbersome process. For that purpose, this research proposes an easier method as can be seen in the model in fig A .28. In fig A.28, a varying voltage source is developed with time. The load current can be defined as an input for the current pattern block. Initial SoC can be given for the discharge process and battery capacity (Ah) as well, in the constant block which is set as 89 Ah as defined in reference [START_REF] Peng | Accurate circuit model for predicting the performance of Lead-acid AGM batteries[END_REF] so the results can be compared. Then, a function block is added with the current integration, time and SoC values to calculate the varying battery voltage. One corresponding simulation can be seen in figure A. [START_REF] Blenkinsopp | Renewable energy for rural communities in Maharashtra, India[END_REF]. The temperature and the discharge current rates are compensated as well in the author"s model (fig A.28). Further each block"s functionality is explained below in the model in figure A.28.

 Green color blocks show the fast response model (battery response against load in few seconds) with resistances and capacitances. Then a load block and current pattern block for load block are also included in the same color category.  Magenta color blocks are used C-rate and temperature effect i.e. with increasing temperature, the battery capacity increases while with increasing discharge current, the lead-acid battery capacity goes down. These functions are done using datasheets and with simple look-up tables.  Red color blocks show different functions mainly mathematical operators. The current from loadblock goes through discharge rate block and comes inside integrator block which helps in accumulating the amperes-hour spent from the battery by multiplying it with time (coming from clock blocks). One block shows SoH effect and if SoH is down i.e. 80% then this number is passed onto next block which is ampere-hour accumulation table.  Ampere-hour accumulation block is shown in orange color and is used to track record of all effects while discharging and then controlling the voltage source which shows the voltage of the battery.

The proposed model in this chapter is based on the battery datasheet and a simple procedure. Results can be obtained accurately for each specific application. The authors" model is based on getting the battery characteristic values from the datasheet at 25 o C and putting the values in the Ah accumulation look-up table.

In this particular example, for an 89 Ah battery in a fully charge state: 12.8 V represents 89 Ah and 10.5 V represents the end of the battery capacity.

Further points between these start and end points can be added thanks to the battery datasheet. Temperature effect can also be taken out from the datasheet and can be compensated thanks to a temperature look-up table. Battery capacity increases at temperatures higher than 25 o C and decreases at temperatures lower than 25 o C. Same strategy is applied for the discharge rates as their curves are also generally provided in the datasheets. The portion representing R s , R t and C t is discussed later as it has only transient effects. Reason to use variable resistors in authors" model rather than simple resistors is that they can be linked to some ageing models. Ageing is taken into account with internal resistance variations with passing life and hence battery deep-discharge behavior. Beside this discussion, transient behaviors can be studied in a single model as discussed in section 3. For transient response, fig. A.30 shows the behavior during current pulses for a short duration. Ageing can be achieved in this model with a parameter modification, if these components values are selected carefully [START_REF] Bateau-Meyer | Randles Circuit Parameters Set Up for Battery Simulations in LS-DYNA[END_REF]. Benefits of this type of models can be seen when some practical dynamic test methods are applied i.e. two-pulse method [START_REF] Coleman | An improved battery characterization method using a two-pulse load test[END_REF] or spectroscopy [START_REF] Huet | A review of impedance measurements for determination of the state-of-charge or state-ofhealth of secondary batteries[END_REF]. In this case, these resistance and capacitance values need to be carefully adjusted for each and every battery, which is not very easy. In fig. A.30 (lower), R s value is doubled to simulate an aged battery and it can be seen (at t = 300 s) that there is 0.3 V difference from the original response.

A.3.1 The combined model and discussion

All ageing models i. Having a simpler but accurate model saves a lot of time once this model is validated with some real-time experimental data. This way it can be implemented in some real-time SoH algorithms for comparison with real-time data in the field. 

A.4 Internal Resistance Sensitivity Analysis

The derivative of the SoH equation 3.8 is as follows:

Here SoH is plotted in figure A. [START_REF] Volker-Quaschning | Specific carbon dioxide emissions of various fuels[END_REF] reading the bar graph in figure 3.7 that SoC discipline is followed and it can be imagined that if it is not followed then how bad results can be. Further errors are given in Table A.1. It can be seen that errors can be as high as 70% and still SoC is at 80%. How this method behaves under lower SoC conditions, it will be presented in the coming paragraphs. 

A.6.4 Integration and delay time

The spectrum in figure 4.2 is done with 20 integration cycles and 2 delay cycles. It means each frequency is applied 20 times before marking the value of impedance (integration time) and there is a delay of two cycles in between two frequencies (delay time). The spectra from both the equipment are computed with these parameters.

A.6.5 Amplifier

The amplifier used with the FRA is built for small laboratory experiments before using it for the spectroscopy. The circuit of the amplifier is given in figure A.39. This amplifier is working only in the positive direction while the bipolar power supply used with the commercial equipment Kikusui PBZ60-6.7 can work in the bipolar mode. If the battery is fully charged, then the amplifier with the FRA cannot push more current in the battery to do the spectroscopy sometimes. So, it is better if it can be discharged a little 2-3% before doing the spectroscopy. Another solution can be to use more turns. For this battery, 15 turns can be used for the feedback current. The reason is that the current is so meager in this situation that it needs to be increased 15 times before feeding the amplifier. In this case, the C.F. formula will be the same as before.

The Datasheet for Kikusui is given in [START_REF] Kikusui | Intelligent Bipolar Power Supply PBZ Series DC Power Supply[END_REF]. 

A.6.6 Time required

Another factor is the time required for processing the spectroscopy and it depends upon the integration and delay cycles. It also depends on the number of points (frequencies) per sweep and on the frequencies themselves. Here 10 points per sweep are used for both the equipment so that the experiment time can be less (~5 minutes) than the long laboratory experiments (~10-30 minutes) to have a better comparison. With the FRA, in some cases like fully charged battery, the integration time needs to be increased when doing a spectrum for 8-10 points per decade. So, time for one spectrum can go till one hour. This duration will have to be reduced in the future developments.

A.6.7 Battery wires

This is another important thing to consider as spectrum is mostly used for ageing parameters calculations i. 

A.8 Commercial diagnostic tool

A commercial diagnostic device from Franklin Electric is used to show if it can be used for the second life batteries. The model is Celltron Advantage. This device is based on the fact that the battery conductance goes down as the battery is used and gets older. It is exactly reverse of the ohmic resistance and can be found on the high frequency (1000-700Hz). If the reciprocal is taken for conductance found, it is noted that a battery is said "failed" if its conductance goes down by 1.33 times (noticed from observation) or the ohmic resistance increases by 1.33 times. For different capacity batteries, a reference value is already fed into the device by the manufacturer and it cannot be changed. All the used batteries taken are tested as failed with that device and no remaining capacity is given so it is obvious that the battery is referred as useless when it is below 80% SoH margin or 1.33% of initial ohmic resistance. Only the brand new batteries have been referred as good batteries by the device. So, it is clear that these types of commercial devices are not useful for the second-life batteries and that make more sense for work done in this thesis. The device is shown in figure A.43. The ageing is exactly directly linked to the curves arrangement in figure 4.10 as the batteries get older from bottom to up. As the CdS represents the sulphation due to the SoH and SoC, it is obvious that at higher SoCs, the sulfate crystals are dissolved and the CdS should be lower. On the other hand, the CdS should be