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Chapter 1: General introduction

This chapter addresses the general context of the research, problem definition, and objectives of the thesis. Also, the structure of the thesis is presented and followed by the description of each chapter.
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In recent decades, it is strongly believed that integrating renewable energy resources into distribution grids can reduce CO2 emissions which are a significant contributor to climate change. Instead of using fossil fuels such as coal, oil, and natural gas, renewable energy sources are currently an alternative option to produce clean energy that does not pollute the atmosphere. Thus, an increase in the use of distributed renewable energy resources is bringing many challenges in the traditional AC distribution network due in particular to their fluctuating behavior. So, the adaption of consumption and energy storage will have to be used to keep the system operational.

In Cambodia, the electrification situation has been known as one of the countries whose electrification rate is the lowest in the region. According to the Electricity Authority of Cambodia, in 2021, about only 86.43% of the total number of households can access grid electricity, leaving behind about half a million unelectrified households by the same year as shown in Figure 1.1. This electrification rate tends to be lower in rural areas than in the city. In rural areas, the electrification rate is only about 82% of the population. Most of the unelectrified households are located predominantly in rural, island, and flooded areas that are unconnected to the national grid. Grid extension to meet their energy needs is not viable in general because of high investment costs, insufficient energy service, reduced grid reliability, and construction challenges to connect to these remote areas. Moreover, Cambodia is rich in renewable energy resources such as solar energy, hydro energy, and biomass energy. With these resources, the LV distribution system could be integrated with decentralized energy sources such as solar home systems (SHSs). This energy resource contributes significantly to the electrification development of remote and rural areas that do not have access to electricity grids.

Recently, it is important to note that there is an increase in distributed renewable energy sources that operate in DC form like; photovoltaics and battery energy storage. Furthermore, today's electrical appliances are DC loads such as LED lights, TVs, chargers, and computers. For these reasons, it is now credible to consider AC/DC grids or to transform the traditional AC 3 distribution grid into a hybrid AC/DC distribution grid. Thus, the grid remains to supply both AC and DC loads without AC/DC and DC/AC conversion stages which are one of the main motivations for having hybrid AC/DC distribution networks.

From these considerations, it can be seen that significant changes are needed in the traditional AC power system to satisfy the new requirements. This is a good opportunity to reconsider the system and look for other possible improvements such as an AC/DC distribution system.

For this reason, this thesis proposes novel methodologies and architecture to design lowvoltage hybrid AC/DC microgrids for long-term planning. A visual overview of this thesis and the relation between chapters are shown in Figure 1.2.

Figure 1.2 Visualization of the outline of this thesis and its chapters

Chapter 1 presents the context of rural electrification in developing countries such as Cambodia. This chapter also introduces an overview of DC distribution systems and some motivations for the hybrid AC/DC microgrid. Then, the outline of the thesis is drawn. Chapter 2 addresses a state of the art of electrical power system in Cambodia. The chapter focuses on distributed energy sources and the different types of LV distribution systems (AC, DC, and hybrid AC/DC). The advantages and drawbacks of these LV distribution systems are presented. In the context of rural electrification and planning in developing countries, the hybrid AC/DC distribution system could be an alternative option and more interesting than the traditional AC distribution network.

Chapter 3 proposes a novel architecture of a rural low-voltage AC/DC distribution system. The objective of this chapter is to optimize the topology of the hybrid AC/DC distribution system. The four steps of the proposed method are described and a test system is presented to validate the proposed method. After that, the conductor's technologies and cross-sections of the hybrid AC/DC optimal topology are determined by using AC load flows. In this chapter, the distributed energy resources (PV panels and Batteries) are not considered.

In Chapter 4, a general methodology for the sitting and sizing of PVs and batteries in the hybrid AC/DC microgrid is presented. The size of the PV is computed by using the mean installed power method and the PVs are allocated to households based on the distance criteria or the power criteria. Then, battery energy storages are located, sized, and controlled by using different algorithms. Next, some KPIs computations are provided. Finally, the technical and economic analysis are addressed on the test system in chapter 3.

Chapter 5 aims at comparing the interest of the proposed hybrid AC/DC topologies on different load densities and distribution. The objective is to observe the sensitivity and robustness of the proposed algorithm. Uncertainty on load profiles is applied to the proposed approach. Thus, the novel architecture planning methods with PVs and BESs developed in chapters 3 and 4, are applied to two real cases (rural and islanded areas). As the results of these cases, conclusions are drawn.

Chapter 6 draws the conclusions and discussions of the overall thesis. It summarizes the main findings of the thesis, and finally, some perspectives for future research are proposed.

Introduction

Integration of the small and medium electrical generation resources and energy storage devices in low voltage systems to supply loads creates a novel type of distribution system called a microgrid [1]. One of the definitions of a microgrid has been done in [2]: "A microgrid is a group of interconnected loads and distributed energy resources within clearly defined electrical boundaries that acts as a single controllable entity with respect to the grid. A microgrid can connect and disconnect from the grid to enable it to operate in both grid-connected or island mode". The microgrid has advantages [3]: energy efficiency, minimization of overall energy consumption, improved environmental impact, improvement of energy system reliability, etc.

There are three main factors that motivate microgrid development and deployment [4]: economic benefits, energy security, and clean energy integration. Economically, infrastructure cost savings are drivers of a microgrid which can avoid the capital cost of transmission line extension and the operation cost of the grid. For electricity security, the microgrid can provide power to facilities and communities using their distributed generation when the main grid goes down during severe weather or electricity outage. One more important thing, clean energy resource is used to address climate change like solar PV and wind energy. Furthermore, most of the microgrids have been implemented in the new expansion area and rural areas. In developing and underdeveloped countries, it has been said that about 760 million people still lack a connection to electricity [5], while, according to the world bank's data, in 2020 about 18% of the world's rural population cannot access to electricity [6]. Therefore, rural microgrids could be an important research topic to deal with this issue.

This chapter discusses the opportunity of a hybrid AC/DC distribution system that could be applied in rural or remote areas not only in Cambodia but also in other developing countries. The remainder of this chapter is organized as follows: in Section 2.2, the behavior of load consumption (type, curve, and power) is highlighted. And then, current and future distributed energy sources are introduced in Section 2.3. The advantages and drawbacks of different types of low voltage distribution systems (AC, DC, and hybrid AC/DC) are discussed in Section 2.4. This includes structures, appliance use, and case studies in developing countries. Ultimately, conclusions are drawn in Section 2.5.

Loads consumption

Type of loads

The electrical load can be resistive, inductive and capacitive or some combination of them. The different types of the loads in a power system are as follows [7]:

• Residential or domestic load: The domestic load is defined as the total energy consumed by the electrical appliances in the household work. It depends on the living standard, weather and type of residence. The domestic loads mainly consist of lights, fan, refrigerator, air conditioners, mixer, grinder, heater, ovens, small pumping, motor, etc. They vary through time and seasons. In the morning and evening, residential loads are at peak values. This load largely consists of lighting, cooling or heating and most of this load are single phase. • Commercial load: Commercial load mainly consist of lightning of shops, offices, advertisements, etc., Fans, Heating, Air conditioning and many other electrical appliances used in establishments such as market restaurants, etc. are considered as a commercial load and they can be single and three phases loads. • Industrial load: Industrial load consists of load demand by various industries. It includes all electrical loads used in industries along with the employed machinery. Industrial loads may be connected during the whole day. Most of industrial loads are three phases. • Agriculture or irrigation load: This type of load is the electric power needed for pumps driven by motors to supply water to fields. It is mainly motor pumps load for irrigation purposes.

For common residential loads, loads are divided in the following categories: 1) DC loads: the loads that require DC power for their operation such as laptop batteries, phone batteries and 7 LED lights. 2) AC loads: the loads that require AC power for their operation such as microwave oven, hair dryer and common lighting. 3) AC/DC loads: the loads that can be run both on AC and DC for their operation. These loads include majorly heating loads.

Load curve

Figure 2.1 shows the normalized load profiles for different appliances in the residential sector in developing countries [8]. Most of the appliances are at peak load between 19h and 21h. 

Load profile in rural areas of Cambodia

In Cambodia, electricity consumption has been categorized by different types of consumers which include consumers connected to HV and MV feeders of the substation, industrial, agriculture, commercial, governmental organization, and residential customers [9].

Figure 2.3 shows the normalized load curve of households in rural areas in Cambodia. We supposed that the yearly load curve is the repetition of the daily load curve over 365 days since the consumers do not use an electric heater. The typical appliances used in the house are phones, lamps, a TV, and fans [10]. Electricity plays an important role in the development of every country and the improvement of all others sectors. Cambodia has seen rapid economic progress in the last decade because it currently follows an open market system. Besides, the capacity of power source and energy delivered has gradually increased year by year. Figure 2.4 shows the progress of the capacity of power sources and energy delivered during the past 15 years. In 2021, power sources capacity 9 in Cambodia had surged to 4014 MW and the total electrical energy sale was 12601 GWh, and there were about 4230 GWh or 33.5% of energy sold to residential consumers which were higher than other types of consumers [12].

Distribution energy sources

In Cambodia, there are Electricité du Cambodge (EDC) and other two types of licensees for generating electricity. Electricité du Cambodge is an autonomous wholly state-owned limited liability company that generates, transmits, and distributes electric power throughout Cambodia. The other two licensees are Independent Power Producers (IPP) and consolidated licensees. The IPP is a company that has a generation license to generate and sell electricity to suppliers or industries in compliance with the power purchase agreement with that supplier or industry. Consolidated Licensees are companies that grants the right to generate, transmit, dispatch, distribute and sell electric power to consumers [9]. It grants the right to generate, transmit, dispatch, distribute and sell electric power to consumers. The total domestic energy production throughout the country is about 9255 GWh in 2021. Figure 2.5 shows the share of the total energy generated according to the type of licensees and EDC in percentage in 2021. In Cambodia, the energy mix consists of 4088 GWh of hydropower (44%), 3813 GWh of coal (41%), 706 GWh of fuel oil (8%), 589 GWh of solar power (6.36%), and 59 GWh of biomass power (0.64%) [12]. Figure 2.6 provides the energy mix sent out by type of generation in percentage.

Furthermore, with the economic growth year by year, Cambodia still needs electricity from its neighboring countries: Vietnam, Thailand, and Laos. Based on the Electricity Trade Agreement between the Ministry of Mines and Energy (MME) of Cambodia and the Ministry of Industry of Vietnam, EDC has signed power purchase agreements with Vietnam Power for importing electricity at a number of points to supply electricity to areas located near the Cambodia-Vietnam border either by themselves or through other licensees. Moreover, from Thailand, some private companies have received the right from MME to purchase electricity from provincial Electricity Authority of Thailand to supply areas near the Cambodia-Thailand border. Overall, the total energy imported is about 3345 GWh (about 27% of the total energy production). Figure 2.7 shows the percentage of production in Cambodia and the import of electricity from neighboring countries. 

Non-renewable energy

A non-renewable resource is a natural resource that will run out or will not be replenished in our lifetime. It comes from sources that cannot be replaced or are replaced slowly and gradually by only natural processes. Most non-renewable energy sources are fossil fuels such as petroleum, coal, and natural gas. Nuclear energy is also considered as a non-renewable source because there is a limited supply of uranium in the earth's crust. In Cambodia, electricity generations from non-renewable energy are thermal power plants (coal) and diesel power plants (fuel oil). Both of them account for nearly 50% of the total domestic production in the country.

Coal -Thermal power plant

Coal is a solid carbon-rich material that is usually brown or black and is one of the most important primary fossil fuels. Coal has been playing a key role in Cambodia's energy for economic growth. According to the annual report of Electricité du Cambodge (EDC) [13], the electricity generated by the coal power plant in Cambodia increased from 3569 GWh in 2017 to 3813 GWh in 2021 (6.8% increase). Thus, coal takes 41% of the total energy production. At the present time, EDC has already signed the power purchase agreement (PPA) with companies in Cambodia for the following thermal generation projects as shown in Appendix 2-A. Figure 2.8 shows the first coal power plant in Cambodia. Its capacity is about 129 MW. In addition, to meet the energy need, EDC has also signed the PPA with companies from the neighboring country for the following projects:

• TSBP Sekong Power and Mineral Company Limited-PPA for a 600MW coal fired power plant project in Laos (under construction), and • Xekong Thermal Power Plant Company Limited-PPA for a 1800MW coal fired power plant project in Laos (under construction).

Fuel oil -Diesel power plant

A diesel power plant is a plant that uses a diesel engine to rotate alternators and produce electrical energy. Due to the combustion of diesel oil, the alternator converts the rotational energy of the diesel engine into electrical energy. In 2021, for Cambodia, the installed capacity of the diesel power plant using fuel oil accounts for about 618 MW (about 20% of the total installed capacity), and the energy generated by the diesel power plant is 706 GWh (nearly 8% of the total energy production). About 2/3 of the diesel power plant is owned by EDC and is mostly located nearby the capital of Phnom Penh while another 1/3 is owned by IPP and its locations are spread throughout the country. Figure 2.9 Heavy fuel oil 400 MW diesel power plant in Kandal province [15].

In 2019, Cambodia experienced the worst dry season from October to April. Due to drought that induced a low river level and Cambodia's heavy reliance on hydropower, the capital city of Cambodia, Phnom Penh faced power outages. The government planned to build a heavy fuel 12 oil power plant outside the capital to meet the city's growing energy demand. Thus, a 400 MW heavy fuel oil plant in Kandal province was approved and completed in 2020. This first-ever big fuel oil power plant (Figure 2.9) is owned by EDC, and is operated and maintained by local company Schneitec Company Limited.

Renewable energy

Renewable energy sources are the energy sources that can produce energy over and over and are inexhaustible [16]. Renewable energy sources include solar energy, wind energy, bioenergy, geothermal, hydropower, and ocean energy and they can be used for power generation, transportation, domestic use, etc. Renewable energy is generated from sources that are naturally replenished themselves and never run out. Cambodia is blessed with substantial renewable energy sources such as hydropower, solar, and biomass. In Cambodia, domestic electricity generation is taken by 51.17% of the renewable energy sources in 2021. The majority comes from hydropower (86%) with solar power and biomass power (14%) [12].

Hydro energy

Hydropower is the energy created from falling water, which can be converted into electricity. Thus, hydropower is considered in general as a clean energy source that does not harm the environment, since it does not produce waste or greenhouse gas emissions [17]. Hydropower with dams has a large storage capacity and can produce energy on a bigger scale. In Cambodia, the production of electricity from hydropower dams has increased significantly in the last decade. Hydropower accounts for about 1330 MW (43% of the installed capacity) and 4088 GWh (44% of the total energy production). To date, 10 hydropower plants are in operation and listed in [9]. Moreover, under the approval of Cambodia's government, EDC has signed the PPA for two other hydropower projects adding 230 MW to the national grid. The two hydropower projects are the following:

• SPHP (Cambodia) Co., Ltd-PPA for a 80 MW hydro power plant project in Pursat province.

• China National Heavy Machinery Corporation-PPA for a 150 MW hydro power plant project in Koh Kong province.

13

Solar energy

Solar energy is the energy that comes from the light of the sun or its heat. It is generated either in photovoltaics (PV) or in concentrated solar power systems. PVs are panels that can convert sunlight into electricity fast and can be used for personal use and on a bigger scale [19]. In addition, PVs are one of the most important modern renewable energy technologies and have an important role in future energy and electricity generation. In the last decade, PV technology development is widely researched and its cost has decreased a lot. In Cambodia, due to its location near the equator, the average daylight is about 11h-12h per day or 4015h-4380h per year. For the whole country, the average solar radiation is about 5.10 kWh/m 2 /day, or the equivalent of 1860 kWh/m 2 /year over Cambodia [20]. According to the World bank [21], the yearly average PV power potential is about 1424 kWh/kWp and the daily average PV potential is 3.9 kWh/kWp as shown in Figure 2.11. In comparison to Cambodia, it is highlighted that the daily PV potential in France is about 3.4 kWh/kWp (less than in Cambodia) as shown in Figure 2.12. 14 Moreover, Figure 2.13 shows the highest (in April) and lowest (in September) of the PV curve in Cambodia where their peak is 12h [22]. Figure 2.13 Normalized daily PV curve [10].

As reported by the Electricity Authority of Cambodia [12], in 2021, Cambodia's solar capacity accounts for about 376 MW (12% of the total installed capacity) and can generate energy for 589 GWh (6% of the total electricity production). In 2020, the following solar power generation licenses started their generation adding 185 MW to the national grid as shown in Appendix 2-B. Furthermore, there are other three solar power projects which are under development with a total capacity of 140 MW.

In addition to the solar power plant, since 2012, the solar home system (SHS) program is implemented in Cambodia. The purpose of this program is to feed the remote rural household, which may not have access to the electricity network for a long period. In 2018, about 19750 SHS (10W-80W) have been installed in rural households throughout the country with a total capacity of 900 kW [23]. Additionally, in 2021, the ministry of mine and energy received funds from UNDP Cambodia for the solar mini-grid system in order to supply to villages in Kampong Chhnang province.

In the solar generation system, the battery energy storage is also highlighted in Appendix 2-C. The performance of batteries for different chemistries such as life cycle, energy density, efficiency, and cost are discussed.

Biomass energy

Biomass energy is a renewable source of energy in the form of solid, liquid, and gas, where energy is derived either directly or indirectly from organic material or crop residues such as food crops, grassy or woody plants, and residue from agriculture [24]. Biomass energy can be produced everywhere and can be used for electricity, heating, and transportation. In Cambodia, the potential of biomass mostly comes from a variety of agricultural residues, such as rice husks, cassava, coconuts, and animal waste and is commonly used in rural areas [25]. In terms of electricity, Cambodia has used a biomass power plant since 2006 with an installed capacity of 4.5 MW, and it has gradually increased to about 30 MW in 2021 (about 1% of the total installed capacity) [12]. In 2015, there are about 55 biomass plants in Cambodia and the majority are a small and medium enterprises operating range from 200 kW to 600 kW [26]. In addition, there are four additional biomass power plants which started generation in 2020: Angkor Bio Cogen Co., Ltd (Figure 2 

CO 2 emissions in electricity generation

In 2021, Global CO2 emissions approached 36.3 GigaTons (Gt) [28]. Approximately 46% are emitted from the electricity generation and heat production sector through the combustion of fossil fuels like coal, oil, and natural gas to generate the heat needed to power steam turbines of power plants. Burning these fuels results in the production of carbon dioxide (CO2) which is the primary heat-trapping, "greenhouse gas" responsible for global warming. Thus, electricity generation gives negative impacts on the environment and greenhouse gas emissions. In 2019, almost two-thirds (63.3%) of global electricity came from fossil fuels as depicted in Figure 2.15. About 36.7% of global electricity came from low-carbon sources and renewable sources accounted for about 26.3%. Electricity generated from renewable sources has a much smaller impact on the environment because it emits less CO2 emissions. Figure 2.15 World's electricity mix per share [START_REF] Ourworldindata | World's electricity mix[END_REF]. 16 Since the power sector is a major source of greenhouse gas emissions, in South East Asia, many countries are also focusing their efforts on the application of low carbon renewable energy. As shown in Figure 2.16, CO2 emissions per capita in most Southeast Asian countries are lower than the world's average CO2 emissions of 4.5 kilotons (kt) except for Brunei Darussalam, Singapore, and Malaysia. For Cambodia, the CO2 emissions per capita are 0.98 kt. Indeed, the mean CO2 emissions from electricity in Cambodia is 424 g/kWh [START_REF]Our World in Data, "CO2 intensity of electricity 2021[END_REF] while the CO2 emissions generated by a diesel generator are twice (about 930 g/kWh [START_REF] Jufri | Optimal battery energy storage dispatch strategy for small-scale isolated hybrid renewable energy system with different load profile patterns[END_REF]). Figure 2.16 World Bank: CO2 emissions per capita 2019 [START_REF] Worldbank | World bank: Co2 emission per capita[END_REF].

Regarding the environmental impact, in this thesis, we will also consider CO2 emissions from the energy used in our hybrid AC/DC microgrid. So, the total CO2 emissions will be computed in the following chapters.

Low voltage distribution system topologies

Cambodia is rich in renewable energy resources such as solar energy, hydro energy, and biomass energy. With these resources, the distribution system could be integrated with either a big-scale power plant (hydropower plant) or a small-scale energy production (solar home system or pico-hydro). These energy resources contribute significantly to the electrification development of remote and rural areas that do not have access to electricity grids. Today, in the low voltage (LV) distribution system, there is an open discussion on whether to use AC or DC or hybrid AC/DC electrical systems for both rural and urban distribution systems. The type of microgrid can be classified into AC, DC, and hybrid AC/DC. It depends upon some criteria like stability, connectivity, total capacity, available source, and available infrastructure [START_REF] Shrivastwa | Understanding Microgrids and Their Future Trends[END_REF].

AC distribution systems

Presently, inspired by traditional electric power systems, the AC distribution system is the most popular and commonly used structure for microgrid studies and implementations. Figure 2.17 shows a typical AC microgrid. PV panels, hydro turbines, wind energy conversion system (WECS), and energy storage system (ESS) units are connected to the AC network through the power electronic interface (PEI) or converters in order to supply DC and AC loads. 2.17 Typical AC microgrid with distributed energy source [START_REF] Justo | AC-microgrids versus DC-microgrids with distributed energy resources: A review[END_REF].

There are several advantages of the AC microgrid [START_REF] Justo | AC-microgrids versus DC-microgrids with distributed energy resources: A review[END_REF]: capability of integrating with the conventional utility grid, compatibility with AC equipment such as AC-based loads, no inverter requirement for AC loads, and cost efficiency in the power protection systems. However, its drawbacks are [START_REF] Justo | AC-microgrids versus DC-microgrids with distributed energy resources: A review[END_REF]: lower efficiency and expensive converter when supplying DC-based loads and difficult controllability due to frequency and voltage.

DC distribution systems

Low voltage direct current (LVDC) distribution grids are a promising distribution energy technology, especially under the concepts of smart grids and microgrids [START_REF] Garces | Uniqueness of the power flow solutions in low voltage direct current grids[END_REF]. An LVDC is essentially a microgrid operating with a direct current that consists of a bidirectional AC/DC converter placed in the main substation. It can interconnect multiple distributed energy resources such as energy storage devices, electric vehicles, distributed generators, and consumers. In LVDC, the microgrid can supply different types of loads (DC and AC through a power electronic converter) and it can also include renewable energy resources and a storage device as depicted in Figure 2.18.

Figure 2.18 Typical LVDC microgrid interconnected with distributed energy resources [START_REF] Montoya | Linear power flow formulation for low-voltage DC power grids[END_REF].

In [START_REF] Nasir | Scalable solar dc micrigrids[END_REF], researchers have presented four types of existing DC microgrid architecture that have been used in practice or literature along with their pros and cons. They are central generation central storage architecture (CGCSA), central generation distributed storage architecture (CGDSA), partially distributed architecture (PDA) and DG distributed storage architecture (DGDSA). Figure 2.19 shows the CGCSA and CGDSA of DC microgrid architectures. For the CGCSA, generation (PV panels) and storage (batteries) resources are placed at a central location. This structure has a unidirectional flow of power from a central location with PV and storage to households. A DC/DC converter is required for the maximum power point tracking of PV output and stepping up the voltage to the microgrid distribution voltage level. At the consumer level, another DC/DC converter is required to step down the microgrid voltage level to the household devices level. This architecture has been implemented in Chhattisgarh, India (capacity of 2.15 MW) and Cape Town, South Africa (Solar 750 Wp for nine families). The central resource of the CGCSA is beneficial from the perspective of control, where generation and storage are reliably monitored. However, this results in higher distribution losses when the energy is supplied from the central to households. For CGDSA, the battery storage system is at the individual consumer level. So, it helps reduce distribution losses. The distributed power may be stored or consumed at the load. Compared to a CGCSA, the energy storage at local houses results in higher efficiency. However, due to the centralized PV generation, it still has higher distribution losses. To reduce the distribution losses associated with the generated energy, researchers have introduced PDA and DGDSA as shown in Figure 2.20. In PDA, the consumer and generation modules are distributed throughout the village. The generating modules have PV generation and battery storage resources in some households that can be used to power up their local load as well as supply power to households that do not have modules. The PDA is mainly a reduction in distribution losses and modularity in a structure that allows scalability for future capacity enhancements. For DGDSA, PV generation and battery storage are at each household. Each household has its PV generation, battery storage, and local DC loads. Furthermore, bidirectional power flow capability is available in each household through bidirectional converters to supply or demand power based upon the local conditions of generation storage and use. Most of the time, each household in DGDSA will be operated in islanded mode. As a result, the losses associated with the distribution of energy from generation point to use point will be minimized. The distribution losses will occur only when there is a need for power sharing among households. DGDSA is more reliable than PDA since each household can produce and consume independently the energy. In other words, DGDSA has more autonomous energy than PDA. However, the investment cost of DGDSA is more expensive than PDA. LVDC electrical power systems have been widely used in applications such as telecommunication, aerospace, automotive, and distribution systems. Overall, there are several advantages of the use of DC systems instead of AC systems [START_REF] Rodriguez-Diaz | IEEE 2015 ICCE-Berlin : the 5th IEEE International Conference on Consumer Electronics -Berlin : conference program and short abstracts[END_REF]: 1) suitable renewable energy generators, such as Photovoltaic Panels (PV), Fuel Cells, and energy storage systems, are DCbased, 2) DC loads are currently increasing in the building, 3) the future integration of the electric vehicle (EV) in the power systems will increase the consumption of DC devices in the buildings, 4) DC distribution systems are intrinsically more efficient than their AC counterparts since in DC, there are no reactive power or skin effects, 5) there is no need for DC/AC and AC/DC conversions for distributing the energy between DC-based agents (sources, loads, storage) through a DC power system. However, LVDC distribution systems still face some challenges and barriers such as the lack of standards and codes, safety and protection issues, and the lack of industries and products for DC distribution systems.

Due to the advantages of DC over AC microgrids, there are a lot of LVDC projects that have been implemented in developing countries, especially, in rural or remote areas. For example, in Cambodia, Okra company has implemented the LVDC mini-grid in Steung Chrov. The project will be presented in the next section. [START_REF] Okra | Okra mini-grid[END_REF] Steung Chrov is a community situated on a flood plain on the Tonle Sap Lake in Kampong Chhnang, Cambodia. The community comprises 400 people who live along the riverside (both sides). The primary source of income is from rice and wheat farming sold locally. The community is situated 10 km from the national grid and at 45 min drive from the closest town, Kampong Chhnang. The community is only accessible by boat for half the year, making it challenging to sustain complicated operations. Before Okra mesh-grid systems were installed, the village chief noted households had to travel 1-2 kilometers regularly by boat in the morning to charge their batteries to use as a power source. The batteries would run out of power by 10 pm the same day. Funded by the UNDP (United Nations Development Program) and deployed by EcoSun and Pteah Baitong companies, this pilot project showcased the mesh-grid technology to the Ministry of Mine and Energy, which could be used to energize the remaining 100 off-grid communities in Cambodia. Since being energized with Okra Solar technology, households now can use clean cooking appliances such as rice cookers and blenders. In the village, 81 households have been connected with Okra mesh-grid systems with average energy 20 consumption of 520 Wh/day per household. The total installed PVs of this project is about 32.16 kWp with a total battery capacity of 201 kWh. Mini-grids are built with a centralized architecture where energy is generated and stored at a single point and then distributed to the farthest households. Mini-grids supply high levels of productive power which makes them suitable for densely populated areas that lack a reliable grid. Instead, Okra mesh-grids hybridize the speed and flexibility of Solar Home System (SHS) with the reliability and energy availability of mini-grids. In contrast to centralized mini-grids, mesh-grids are decentralized and modular. Generation and storage assets (solar panels and batteries), along with inverters, are installed in individual households. This design ensures the 21 majority of energy is generated and consumed at the same place (just like SHS), additionally, neighboring households can also interconnect and form power-sharing clusters, where smart algorithms redistribute excess power at 50V DC grid. For this mesh-grid, every household has a solar panel, battery, inverter and Okra pod as shown in Figure 2.23.

Okra: Mesh-grid at Steung Chrov, Cambodia

Figure 2.23 Okra kit for each households of mesh-grid systems

Indeed, Okra pods are the building blocks of every Mesh-grid. They are installed in each individual household in conjunction with solar panels, batteries, inverters and appliances. Pods work 24/7 to ensure energy is being optimally redistributed throughout the mesh-grid so that every household has a reliable source of productive power. The Okra pod's multifunction is provided in Appendix 2-D.

❖ Business model

As the project is funded by UNDP Cambodia, owner households were not required to pay the investment cost of Okra kit, but they need to pay the energy used monthly. Due to the smart Okra pod, the energy used will be computed and displayed on the mobile Okra Havest app that is required to install on the owner's phone. This project has 4 package options:

Package 1: Price is 380 riel/kWh (0.092 usd/kWh) for energy limitation of 240 Wh with a LED lamp, a fan and a phone charger as possible electrical equipment.

Package 2: Price is 450 riel/kWh (0.109 usd/kWh) for energy limitation of 450 Wh with few LED lamps, a fan and a phone charger as possible electrical equipment.

Package 3: Price is 530 riel/kWh (0.129 usd/kWh) for energy limitation of 750 Wh with few LED lamps, few fans, a phone charger, a rice cooker, a TV and a water boiler as possible electrical equipment.

Package 4: Price is 610 riel/kWh (0.148 usd/kWh) for energy limitation of 1800 Wh with the same possible electrical equipment than package 3. [START_REF] Richard | Development of a DC Microgrid with Decentralized Production and Storage : From the Lab to Field Deployment in Rural Africa[END_REF] Nanoé is a French-Malagasy social company that proposes a new electrification model based on the progressive and collaborative building of smart and sustainable power grids in rural Africa. Nano-grids developed by Nanoé are collective solar systems delivering power to 4 to 6 households, who use mobile prepayments to purchase daily access to an electrical service adapted to their needs. The pilot project is the Ambanja district in Diana region in the North of Madagascar (see Figure 2. 24), where less than 5% of the population has access to electricity. The first systems have been deployed mid-2017 and more than 2000 households have now access to Nanoé electrical services. There are two main operating modes for a hybrid AC/DC microgrid [START_REF] Pourbehzadi | Optimal operation of hybrid AC/DC microgrids under uncertainty of renewable energy resources: A comprehensive review[END_REF]:

Nanoé : Solar Nano-grids in Ambanja, Madagascar

• Grid-connected mode: In this mode, the microgrid is connected to the MV network and all the generating units operate at their maximum operational point. The priority of the gridconnected system is to supply the local needs. The surplus generated energy can be injected into the MV grid and when there are any shortages, it can be supplied by the main MV grid. • Off-grid or islanded mode: In this mode, connection to the MV network is not possible (too far, too expensive or not accessible) and the energy storage system plays a considerable role, which incurs an extra operational cost to the system. Otherwise, the excess energy cannot be stored. This mode is more suitable for remote or rural areas since the local load is the only priority of this operation mode. As PVs are the most cost-effective renewable energy source, they consist of the majority of islanded microgrid's capacity.

In [START_REF] Unamuno | Hybrid ac/dc microgrids -Part I: Review and Chapter 2 K. KHON, ITC-UGA 28 classification of topologies[END_REF], researchers have identified two main groups of hybrid AC/DC microgrids: coupled AC and decoupled AC configurations (Figure 2.27). In coupled AC topology, the AC network of the microgrid is directly connected to the power grid by a transformer and an AC/DC converter is used for the DC network. On the other hand, decoupled AC configurations are composed of at least an AC/DC and DC/AC stage. There is no direct connection between the power grid and the AC network of the microgrid. In coupled AC configuration, there are two arrangements of conversion stages: completely isolated and partially isolated. In our work, the most interesting topology is a coupled AC, completely isolated hybrid microgrid that can be seen in Figure 2.28. A transformer is located at the point of connection with the MV grid when available. This provides isolation to the entire microgrid and reduces the voltage level. A hybrid AC/DC microgrid architecture can benefit the customers and also the grid owner in numerous ways as follows [START_REF] Garces | Uniqueness of the power flow solutions in low voltage direct current grids[END_REF][START_REF] Montoya | Linear power flow formulation for low-voltage DC power grids[END_REF]:

• For integration, it can simplify the system operation due to the reduction of the number of converters because AC or DC devices are directly connected to the network. Therefore, the energy losses of the conversion stage are reduced. This hybrid microgrid is suitable for integration of the increasing DC units such as PV generation, fuel cells, battery storage, laptop, mobile phones, etc. • For the synchronization, there is no need for synchronization of generation and storage units as they are directly connected to DC network. • For the voltage transformation, it is easy to modify voltage levels on the AC-side by the use of transformers. • For economic feasibility, a hybrid microgrid can be developed from the current distribution system by adding power converters. For this reason, its cost could be higher than the AC microgrid.

On the other hand, a hybrid AC/DC microgrid presents various drawbacks such as protection issues and control complexity among the units [START_REF] Unamuno | Hybrid ac/dc microgrids -Part I: Review and Chapter 2 K. KHON, ITC-UGA 28 classification of topologies[END_REF]. For protection, unlike AC devices, there are a lot of DC protection devices that have not been researched so deeply. For the control complexity, the management of hybrid microgrids is complex. This is because it is necessary to perform the control of the devices attached to the AC and DC networks and the interface power converter between them. Therefore, a stable and reliable power supply has to be ensured for both networks. 25

Conclusion

In this chapter, the description of the loads and distributed energy sources used in Cambodia enable to notice that more and more appliances in rural areas are becoming DC-based raising the question of the interest of having DC parts in the distribution system. Also, PV panels coupled with battery energy storages seems to be a good trade-off for a fast and ecological electrification. The analysis of the advantages, drawbacks and challenges of AC, DC and AC/DC microgrids leads to select the hybrid AC/DC distribution systems with PVs and BES as a sustainable electrification model. In the next chapters, the optimal design topology of a hybrid AC/DC microgrid integrated with PVs and BES on two real cases will be discussed and compared to AC microgrids.

Chapter 3: Design of a rural low voltage hybrid AC/DC distribution system topology

This chapter aims to propose a novel architecture of a rural low voltage AC/DC distribution system. In the context of rural electrifications and planning in developing countries, this approach could be an alternative option and more interesting than the traditional AC distribution network.

This chapter is based on K. 

Introduction

The microgrid is recently a popular challenging topic for researchers since it can be operated in both grid-connected or islanded mode. In the meanwhile, the development of distributed energy resources, operated in DC form like solar photovoltaic and battery energy storage, is increasing [1]. In addition, many of today's LV loads are in DC such as computers, TVs, chargers, and LED lights [2]. All these factors raise the question of LVDC power system distribution. To deal with these technological trends, AC/DC microgrids could be an alternative option for rural electrification planning in developing countries [3].

A lot of works has investigated LVAC network planning focusing on the location and the sizing of the system to supply the electricity to the end-user through conductors. In [4], the authors have minimized the length of the conductors using the mix-integer quadratically constraints programming (MIQCP), then the balancing of the loads has been performed to respect the technical constraints with and without expansion planning cases. Additionally, the authors have proposed a novel algorithm to optimize the AC topology and phase-load balancing to deal with the load demand uncertainty [5]. To optimize the feeder's routes of the distribution grids, researchers have used the simulated annealing algorithm to minimize the total length of main conductors [6]. Also, various planning tools have been developed to help the planners to determine if the network is optimized regarding the length and the capacity of the network. In [7], authors have introduced the reference electrification model (REM) for electrification planning to identify the lowest cost system as well as the electrification mode: grid expansion, off-grid microgrid, or standalone power system. Also, researchers have proposed a multi-stage algorithm for planners to have flexibility on the rural architecture planning [8]. However, these research works have only focused on the full AC distribution system with AC consumers.

This chapter proposes a novel architecture of a hybrid AC/DC distribution system as well as a multi-stage algorithm to optimize its sizing. All DC loads are packed into a computed number of clusters using the K-means clustering technique. Then, an AC/DC converter is deployed in each cluster so that, the AC main feeder could supply the DC loads. To find the optimal location of AC/DC converters, the shortest path algorithm was performed to compute the minimum distance between electrical poles and clusters of DC loads. Next, the load allocation to the AC phases was formulated by using the mixed-integer linear programming solver so that we can get the balance of power consumption between the AC phases. After that, the AC unbalanced load flow has been performed. Finally, the rural low voltage hybrid AC/DC distribution network topology was defined. To better understand the general algorithm of this approach step by step, we have used the Structured Analysis and Design Technique (SADT) approach.

The remainder of this chapter is organized as follows: the proposed methodology of a hybrid AC/DC distribution system is presented in Section 3.2. Section 3.3 introduces the K-means clustering technique that packs DC loads into clusters. In Section 3.4, for each cluster, a minimum spanning tree algorithm finds the minimal length of DC conductors connecting DC loads to each other. In Section 3.5, for each cluster, the shortest connection length from the electrical poles to the closest DC load is computed using the shortest path algorithm. Then, the clusters are allocated to a phase of the main feeder by solving the phase-load balancing problem formulated with a mixed-integer linear programming problem in Section 3.6. In Section 3.7, the test system used to validate the proposed approach is described and some results are provided. Finally, conclusions are drawn in Section 3.8. 

Proposed methodology of an AC/DC distribution system topology

Proposed topology of the AC/DC distribution system

SADT approach for the AC/DC microgrid planning

Figure 3.3 shows the SADT approach of the proposed general algorithm of an AC/DC microgrid with PVs and BESs. The ins and outs of the SADT approach are provided in Appendix 3-A. The A01 block builds the optimal AC/DC topology. The algorithm of A02 has to find the number and location of PV panels in each cluster (the nominal power of one panel is set by the user). Next, the algorithm of A03 finds the power and capacity of the deBES in each cluster. Then, A04 computes the remaining energy purchased either from the MV grid in the case of "grid-connected mode" or from the genset-ceBES in the case of "off-grid mode". In 33 the latter case, the power and capacity of the ceBES are calculated as well as the size and energy of the genset. Finally, the KPIs (TOTEX, autonomous time and energy, and CO2 emissions) of the AC/DC microgrid are computed. The content of the arrangements of A01 and their functions is described in this chapter and the ones of A02 to A05 are described in detail in chapter 4. • Step 1: DC loads are packed into a given number of clusters by K-means clustering. The objective is to obtain the minimum total length of DC conductors for the system and also the optimal number of clusters. So, we could get the optimal number of AC/DC converters. • Step 2: Searching the minimum connection of DC conductors in each cluster by using the minimum spanning tree (MST) algorithm. With this algorithm, we could get the radial structure with a minimum length of DC conductors. So, the total DC length of all clusters and the DC structure are obtained. • Step 3: In each cluster, the shortest path algorithm (SP) finds the shortest length from each load to poles. Then, we get the shortest poles candidates. At this stage, a DC load flow is performed for every candidate with respect to the voltage and current constraint. The DC power losses are found. Next, we select the candidate with the lowest losses. Thus, the suitable electrical pole is found. Also, the location of an AC/DC converter is identified. • Step 4: The cluster allocation to each phase is formulated by using a mixed-integer linear programming (MILP) solver to improve the balance of power consumption between phases.

Once, the phase-load allocation has been identified, an AC unbalanced load flow will be performed by respecting the voltage and current constraint. Hence, we can get the crosssection of the AC main feeders. So, the power of each phase and the losses were computed as well as the total length of AC main feeders (Phase-A, Phase-B, Phase-C, and Phase-N).

Finally, the rural hybrid AC/DC distribution system topology has been defined.

The functional analysis of the algorithm can also be shown by using the SADT approach in Figure 3.5. The inputs are on the left-hand of the box (1 to 5) and the outputs are on the righthand of the box (A01.1 to A01.7). The five steps of the algorithm are in the box (A011 to A015). 

Test system description

An illustrative case study representing a rural un-electrified area has been set up in order to validate the proposed approach: a three-phase four wires of low voltage AC main grid supplies 26 households via a 22 kV/0.4 kV transformer. These households are DC loads and most households are located along the street where 8 electrical poles have been arbitrarily installed. The distance between poles is 40 m. The total active power consumption is about 10.25 kW. Figure 3.6 shows electrical poles and DC households which are supplied by the AC main feeder via AC/DC converters. With the possibility of PVs and battery storage integration systems in the future, the Vdc=50 V voltage level was selected regarding the consumers in a rural area with various low power appliances [9]. Furthermore, detailed information on AC conductors is provided in [10] and the specification of DC conductors is provided in Appendix 3-B. MATLAB software has been used to perform all simulations and illustrative results. The objective of this section is to pack the DC loads into the optimal number of clusters such as the total distance from the center of the clusters to each load is minimized.

Available clustering methods

Grouping of objects is required for various purposes in different areas such as engineering, science, and technology, humanities, medical science, and our daily life. There are various clustering approaches but there is no such guideline on the use of clustering technique. The clustering approaches have been classified into two different groups [11]: hierarchical and partitioning techniques. However, the number of clusters of the latest techniques is predefined by the user. Figure 3.7 shows the taxonomy of the clustering approaches. [12] There are two types of hierarchical clustering approaches: agglomerative and divisive techniques. The agglomerative build-up clusters by following a bottom-up approach while the divisive follows the top-down approach. In other words, the algorithm that uses merging to generate the cluster tree is called agglomerative and the algorithm that use splitting to generate the cluster tree is called divisive [13]. Furthermore, these clustering methods could be grouped into three categories based on similarity measures as follows: single-linkage, complete-linkage, and average-linkage clustering. These techniques are trying to connect the nearest neighbor point until the distance between two points of clusters reaches the minimum distance criterion. However, in the hierarchical technique, after two-point in one cluster are linked to each other, one of them 39 cannot move into other clusters when the next iteration is performed. Hence, some enhancements can be used to deal with this issue such as Balanced Iterative Reducing and Clustering using Hierarchies (BIRCH), Clustering Using Representation (CURE), ROCK, and CHAMELEON [12]. The data used in these methods can be the non-flat geometry, non-Euclidean distance, the large dataset, etc. The advantage of this technique is that there is no need to specify the number of clusters in advance and it has a good visualization by the dendrogram. Also, it is suitable for large datasets. However, the hierarchical technique has some drawbacks: not easy to define levels of clusters, not scalable, and impossible to undo the previous algorithm.

Figure 3.7 Taxonomy of clustering approaches

In the partitional clustering approach, the data are assigned into a cluster by optimizing the well-known criterion that is the Euclidean distance. It consists of the distance-based method, model-based method, and density-based method. Furthermore, the criterion aims to search the minimum distance between points and the assigned point in the cluster (e.g. a square error function). Partitional clustering algorithms are iterative algorithms that converge to local optima [13]. Indeed, they are described by defining the membership of clusters. Well-known used partitional algorithms are the K-means, Fuzzy C-means (FCM), and DBSCAN, etc. the data used in these methods can be the flat geometry, Euclidean distance, density estimation and from small to large dataset, etc. [14]. Unlike the hierarchical method, the partitional clustering has some advantages such as: easy to implement and efficient, the use of iterative way to create the clusters. However, its drawbacks are: the number of the clusters needs to be predefined and it is highly sensitive to the centroid initialization that can affect the result.

K-means clustering description

As mentioned previously, clustering techniques have individual advantages and drawbacks regarding their purposes and the data used. In [15], the K-means clustering technique has been used to study electrical load pattern segmentation. Indeed, to solve the power loss problem, the K-means method has been used to allocate the distribution generation of the radial distribution system [16]. The K-means clustering technique could be also well suitable for our data of the proposed AC/DC distribution system topology. The available data of the DC loads are the coordinates [X, Y] and flat geometry (2D) therefore, the Euclidean distance criterion of the Kmeans clustering can be applied.

The K-means clustering technique is one algorithm aiming at grouping objects into a given set of clusters which is classified by a user-predefined number of clusters K. This clustering technique minimizes the square error of distance to cluster centers to minimize the total distances of clusters [15].

However, parameters of the K-means algorithm include initial centers and the number of clusters which may affect significantly the formation of the final cluster. The objective function F is given as follows [12]:

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹 = ∑ ∑‖𝑥 𝑗 𝑘 -𝑐 𝑘 ‖ 2 𝑁 𝑘 j=1 𝐾 k=1 (3.1)
Where ‖𝑥 𝑗 𝑘 -𝑐 𝑘 ‖ 2 is a distance measurement between a data point 𝑥 𝑗 𝑘 and the cluster center 𝑐 𝑘 .

Figure 3.9 shows the flowchart of the K-means algorithm which consists of the following steps:

• Initialization: suppose the number K is given, a point is randomly selected in each cluster socalled centroid. • Assign each object to the group that has the closest centroid.

• Recalculate the coordinate of new centroids 𝑐 𝑘 which is the means of all points 𝑥 𝑛 assigned to cluster 𝑘 :

𝑐 𝑘 = 1 𝑁 𝑘 ∑ 𝑥 𝑛 𝑛 ∈𝑐 𝑘 (3.2)
• Repeat steps 2 and 3 until the centroids no longer move. However, the number of clusters K must be provided to the algorithm. To choose the optimal number of clusters K, the Elbow method has been introduced.

The Elbow method or "knee of a curve method" is a method that looks at the percentage of variance as a function of the number of clusters [17]. The idea of the Elbow method is to choose the number of clusters so that when we add another cluster, it does not lead to an increased derivative of the percentage variance at this point, it reaches a plateau of the graph when we increase it further. In another word, the addition of another cluster does not improve the objective function. Equation (3.3) shows the relationship between the objective function F, and the percentage variant.

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑘) = ∑ [𝐹(𝑧) -𝐹(𝑧 + 1)]

𝑘 𝑧=2 𝐹(2) -𝐹(𝐾) (3.3) Figure 3.10 shows the percentage of the variance as a function of the number of clusters. It can be seen that the optimal number of clusters K is 4 for our test system with 26 datasets (DC loads). The point with longest distance to the straight line is considered the Elbow [18]. After having packed DC loads of the system into the optimal number of clusters, in this section, the DC conductor is used to connect DC loads in the cluster. The objective is to search for the minimum length in the cluster in order to get the minimum length of the DC conductor.

Available methods

The minimum spanning tree (MST) or minimum weight spanning tree is a set of the edges of a graph G that connects all the vertices, with the minimum total edge weight and without any loops (cycles). The algorithm has been widely used to solve minimization problems in various fields such as computer networks, telecommunication networks, electrical grids, etc. The MST problem has been first introduced by Boruvka in 1926 [19]. However, the most famous algorithms are Kruskal's (1956), Prim's (1957), and Dijkstra's (1959). Prim's algorithm searches the minimum distance by starting from an arbitrary point (vertex) while Kruskal's algorithm finds the minimum distance by adding the next lowest weight edge. In addition to those algorithms, Dijkstra's algorithm finds the shortest path between vertices by fixing the starting a single vertex as the source.

In electrical power systems, the MST problem has been used to select the cable configuration for the microgrid in order to guarantee the minimum distance of the cables [20]. In [21], the authors have proposed the sectionalizing method to solve the system restoration by using the MST. Also, to minimize the cable connection from the substation to the onshore wind farms, the MST was performed to get the minimum connection of cable so that the investment cost could be reduced [22].

Kruskal algorithm description

DC loads in the cluster need to be connected together and we try to have every possible connection to the pole without imposing the fixing source. So, to get the minimum distance in clusters by selecting the lowest distance between loads and without knowing the source. Kruskal's algorithm is suitable for the objective [23]. If we consider a graph 𝐺 = (𝑉, 𝐸, 𝑊) that consists of a vertices, edges, and weighs: 42

𝑉 = {𝑣 1 , 𝑣 2 , … , 𝑣 𝑛 }; (3.4) 𝐸 = {𝑒 1 , 𝑒 2 , … , 𝑒 𝑛-1 }; (3.5) 𝑊 = {𝑤 1 , 𝑤 2 , … , 𝑤 𝑛-1 }; (3.6) The small possible weight of ∑ 𝑒 𝑛-1 =1
is associated to the minimum spanning tree. The steps for implementing Kruskal's algorithm are as follows:

• Sort all edges from the lowest to the highest • Take edges from the lowest to highest weight and add them to the spanning tree. If it created a cycle, then rejects this edge • Keeping adding edge until we reach all vertices

Application to the test system

As the result previously obtained from the K-means clustering (K=4), Figure 3.12 shows the DC structure of each cluster by performing the MST. The MST finds the minimum length of DC conductors for each cluster. So, the total length of the DC conductor of all clusters is provided.

Figure 3.12 MST use on clusters to create DC structure

A013 -Connection of DC clusters to poles

Objective

In the previous section, DC loads have been connected in the cluster. In this section, we tried to find the path which is the connection between the electrical pole and a DC load of the cluster. So, we can know the optimal location of AC/DC converters that will be installed on the pole.

Shortest path algorithm description

The shortest path algorithm aims at finding the shortest distance between the MV/LV substations and each DC load of the cluster through electrical poles [4]. Figure 3.13 shows the pseudocode of the shortest path that finds the index of a DC load of each cluster and pole. Then, the DC load flow has been performed for every possible connection (use of MATLAB functions developed by the author of [24]). These connections are obtained by considering the shortest connection between one load and one pole (for each load of the cluster). Thereafter, the optimal path is found by selecting the connection with the lowest losses at 7pm. So, the connection of the DC conductor from a pole to its closest DC load has been provided. The complete DC structure from the pole to the cluster has been defined. At this stage, the total length of the DC conductor of the system has been provided as well as the location of AC/DC conductors. 

Application to the test system

After having defined the DC structure of each cluster by the MST, we have performed the SP algorithm and the DC load flow in order to get the lowest DC power loss. As the result, Figure 3.14 shows the location of AC/DC converters, and the electrical poles to the DC loads of each cluster were found. The full DC structure of the grid has been provided. Figure 3.14 Shortest path connecting between electrical poles and DC loads Figure 3.15 shows the connection between pole and cluster 3. The shortest distance between pole and load is 15 m (pole 5 and L1). However, based on the smallest power losses, the best connection is between pole 6 and L4 and the losses are 0.061 kW as shown in Table 3 

A014 -Allocation of DC clusters to the phase

Objective

Once the full DC structure of clusters has been defined following the previous section methodologies, we tried to allocate clusters to phases of the AC main feeder. The objective of this section is to balance the power of each phase in order that the power losses of AC conductors could be minimized.

Available methods

The phase-load balancing in the distribution system helps to maintain the load current approximately identical on the three phases of the power distribution network. The load unbalances of the system occur when some phases are overloaded and some others are lightly loaded, so, the loads from heavily loaded phases need to be shifted to the lightly loaded phases. The unbalanced load can cause the neutral current circulation that can create feeder service tripping, reduction of security for labors, overload of power system devices, increase of power losses and decrease the stability margins.

Due to the growing load and the development of the network, different methods for load balancing of the distribution system have been proposed. In [20], the authors have done the overview on the load balancing method such as dynamic leap-frog algorithm method, dynamic water filling approach, fuzzy logic approach and dynamic reconfiguration method. Also, the comparison of these methods has been studied. The study found that the fuzzy logic approach has a better improvement of phase-load balancing by comparing the load balancing index (LBI). Researchers in [25] have used the first-fit bin-packing algorithm (FFBPA) to improve the load balancing of the system. Moreover, the repeated ABC phase (RABC) and the combinatorial phase swapping (CPS) have been used to ensure the balanced load and minimum power loss [26]. The RABC phase sequence is used by connecting the phase ABC to poles till the end of the electrical pole while the CPS is searching for the optimal phase connection based on minimal power loss. The comparative study found that the CPS is the better choice than the RABC regarding the power loss, and current unbalance of each phase. In [27], the swapping loads among phases of the main lines to get rid of the unbalance load has been proposed with the recourse to mixed-integer linear programming. This problem was formulated by defining the decision variable and its objective function. It is one of the most frequently used tools to solve the problem in the power system. In this formulation, each load is assigned to a singlephase and each phase has a load assigned. Its objective function is to minimize the unbalanced current flow on the branch.

MILP formulation

The unbalanced load problem has been formulated by using the Mixed Integer Linear Programming (MILP) formulation. The objective is to balance the powers between the three phases. Equation 3.7 gives the objective function to minimize subjected to constraints (3.8) to (3.11). This objective function is the sum of the difference variables 𝜀 + (𝑝ℎ) (positive difference power of phase ph) and 𝜀 -(𝑝ℎ) (negative difference power of phase ph) whose definition is given by the equation 3.8. This constraint limits the total power of each phase to the average power per phase. Equation 3.9 guarantees that only one load can be assigned to only one phase thought the variable 𝑥 𝑝ℎ 𝑘 whose value is 1 if the load of cluster k belongs to phase ph and 0 otherwise. Equation 3.11 and 3.12 give the boundaries of 𝜀 + (𝑝ℎ) (positive difference power of phase ph) and is the positive difference power of phase ph. 

Application to the test system

To validate the algorithm of the MILP, the test system of the previous section has been used. Also, once each cluster is allocated to a phase, the MILP's algorithm is applied to each phase in order to find the minimal spanning tree of each phase. Figure 3.16 shows the complete radial topology of the AC/DC distribution network. Each cluster is supplied and allocated to one phase of the three-phase 4 wires system in order to ensure the balance of the loads for the AC distribution system. The color of the DC lines of each cluster has been modified in accordance with the phase connection of the cluster. Next, an AC unbalanced load flow has been performed (stage A015 of the SADT); this load flow has been described and used in [10]. Considering the total length of AC and the total power of each phase, the cross-section of the AC feeders has been defined with respect to the technical constraints (voltages and currents). This cross-section is the same for all AC feeders in order to simply stock management and future expansion of the system.

Results and discussion of the test system

Table 3.3 summarizes the results obtained for the test system. The number of AC/DC converters is 4 as the number of clusters. With the total length of the AC conductors of 880 m, the total power loss is 1.19 kW (about 11% of the total power consumption) which includes the AC and DC power losses. Thanks to the MILP algorithm, the power consumption of each phase is obtained. Since we have only 4 clusters, a good balance of powers is not possible. The more clusters we have, the better the balance power of each phase is. Moreover, the total length of DC conductors was 692 m with the different cross-sections shown in Figure 3.17. 3.17 shows the difference between cross-sections of DC cluster conductors in a 3D plot. We can notice that cluster 4 has the biggest DC conductor cross-section, 35mm², to satisfy the voltage and current constraints because it has the biggest power consumption and the longest length of conductor among clusters. Also, Figure 3.20 shows the percentage voltage deviation for each cluster. All DC loads' voltages were classified by clusters. In each cluster, the bottom and the top edge of the box indicate the 25 th and 75 th percentiles of the cluster while the central red mark indicates the median. The lowest and highest voltage observed are also indicated. For the example of cluster 3, the median was 0.978 pu, and the bottom and top edge are 0.977 pu and 0.981 pu respectively while the lowest and the highest voltage are 0.976 pu and 0.985 pu. We noticed that its voltage is the lowest among clusters because, for this cluster, the power is 3.2 kW which is bigger than clusters 1 and 2 with the same cross-section of DC cable 25 mm 2 . Indeed, the length of the DC cable of cluster 3 is longer than clusters 1 and 2. However, the lowest voltage of cluster 3 is 0.976 pu which does not violate the voltage constraint (0.90 pu). 

Conclusion

In this chapter, a novel architecture of an AC/DC distribution network has been presented. This novel algorithm can be used to design the AC main feeders of the distribution system that deals with the increasing DC loads in rural areas. Four steps of the proposed method have been described and a test system has been presented to validate the proposed method. Firstly, to supply the power to DC households from the AC main feeders, the K-means clustering technique has been used to pack DC loads into an optimal number of clusters. The objective is to minimize the total length of the DC line of clusters. Then, the minimum spanning tree algorithm ensures the minimum connection of DC conductors in the cluster. The shortest path finds the shortest distance between households in clusters and poles, on which optimal AC/DC converters are placed, based on minimal DC losses. Therefore, the total DC conductors can be sized. Thanks to the mixed-integer linear programming, clusters have been allocated to one of the three phases in order to balance the power consumptions between phases. The power of each phase and the total length of AC conductors were computed. Finally, the full AC/DC optimal topology is determined using load flows.

However, the proposed approach could not provide the global optimal solution. For each step of the algorithm, the result could be one local optimum but not the global optimum of the system. In this chapter, the results were presented for only one specific case. In chapter 5, two real test cases will be investigated. For this planning tool, we considered only the topology and the reinforcement of conductors (AC and DC). The integration of renewable sources and storage has not been yet considered (especially for LV solar home systems) because, for the moment, it is not allowed to connect them to the MV/LV grid in the Kingdom of Cambodia [28]. Despite that, the AC/DC distribution system with photovoltaics and battery storage will be investigated in the next chapter so that our microgrid will be ready to be connected to the national grid, in case the electricity authority approves the connection of PV to the grid in the future.

The next chapter will include the sitting and sizing of PVs and the battery energy storage in the clusters of the AC/DC microgrid. For the planning tool, the presence of PVs in houses will be studied. Also, both decentralized and centralized battery energy storage will be investigated as well as their operation. Then, the cost of the AC/DC microgrid with PVs and storage will be investigated in order to get the economic dispatch and get the system more autonomous. Finally, the test system of this chapter will be used to illustrate the proposed idea. 
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Nomenclature

Introduction

In the past decades, renewable energy sources (RESs) play an important role in the power system. Unlike the traditional energy that depends on fossil fuels, the RESs can minimize the environmental impact, mitigate greenhouse gas emissions and reduce global warming [1]. RES is considered as a clean energy resource. RES includes hydropower, solar, biomass, wind, and geothermal. Among all these energies, solar energy can be available in most parts of the world [2]. According to IRENA 2019 [3], solar energy contributes to around 9.6% of electricity generation from RES. Recently, PV is significantly growing while its cost is dropping, thus, the PVs integration in electrical power systems is widely implemented. Besides this trend, the development and technology of PVs have been studied in order to improve their efficiency and lifespan. Likewise, battery energy storage (BES) is deployed in order to store the energy during the high PV production in the daytime and to discharge when the energy of the system is needed. Thus, the integration of PVs and BESs into power systems rise both technical and economic challenges. One of the many technical challenges is that the size and location of the PVs and BESs in the power system need to be optimally computed. With the high PVs production during daytime, the excess energy could be stored and it will be discharged when there is no sunlight. Thus, the energy storage system could be well scheduled. The optimal sitting and sizing of the PVs and energy storage systems (ESS) could minimize the losses, reduce the investment cost of PVs and ESS, and conductors. Also, it improves the voltage profile and reliability of the system [4].

Various researchers have studied the sitting and sizing of PVs and/or energy storage systems in the distribution network. Reference [5] has focused on the overview of the energy storage system to maximize the energy efficiency of the distribution network. The optimal location, sizing and operation of ESS have been carried out by various optimization approaches such as classical, analytical, and meta-heuristic ones. Furthermore, researchers point out that the optimal location of the energy storage system relies on the network topology and system size. Also, in [6], researchers have studied the sizing, location and operation of batteries of the distribution grid. They proposed an algorithm that is able to integrate the sizing, location and operation of batteries into an optimal power flow by using a second-order cone program (SOCP) algorithm. It provides the choice of investment in battery systems that will be integrated with the AC distribution system. Reference [7] investigated the optimal sizing of the PVs and BES system by using particle swarm optimization. It minimizes the daily hybrid generation energy and maximizes the daily PV generation. All above, researchers investigate either separately the location and sizing of PVs and the location, sizing and operation of BESs or both PV-BESs by optimization approaches in the AC distribution network. Nevertheless, they did not investigate yet the sizing, sitting of PVs with the decentralized and centralized battery energy storage (deBES and ceBES), especially, in a hybrid AC/DC microgrid.

The current chapter proposes a multi-stage algorithm to optimize the sizing and sitting of PVs and BESs as well as the cost of the AC/DC microgrid described in chapter 3. Firstly, the size of PV is computed by using the mean installed power method, and then, the PV is allocated to the households of each cluster by using a distance-based or a power-based criterion. Thereafter, the deBES is located at the same location as the bi-directional AC/DC converter of each cluster. At this location, the schedule of deBES is computed and the size of deBES is found based on its schedule. Next, two options are proposed and compared: grid-connected microgrid through a MV/LV substation (in case of an existing MV networks close to the unelectrified area) and off-grid microgrids with a ceBES and a genset (in case the MV network is too far from the unelectrified area). In the latest case, the optimal size and operation of the ceBES is also computed. Finally, the Levelized Cost of Energy (LCOE) of the AC/DC microgrid will be evaluated over the planning period. In addition, SADT is used to present step by step the general algorithm of the proposed approach, and the test system from chapter 3 will be used to validate the proposed approach.
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This chapter is organized as follows: Section 4.2 proposes the general structure and algorithms of the sitting and sizing of PVs and battery energy storage. Then, the capacity and location of PVs in clusters are presented in Section 4.3. In Section 4.4, the location, capacity, and operation of deBES are calculated to optimize the local consumption of clusters. Next, the capacity and operation of ceBES are presented in Section 4.5. Then, the results and discussions are presented in the Section 4.6. The KPIs of the AC/DC microgrid with PVs and BES have been computed in Section 4.7. Finally, conclusions are drawn in Section 4.8. After having obtained the result of AC/DC topology (A01) in the previous chapter, in this section, we will allocate PVs in each cluster. The objective is to find the appropriate number and location of PVs to be installed in the households.

Proposed

Available methods

The integration of PVs and BESs has significantly increased in the distribution system. Besides, not only the technology and development of PV and BES, but also their location and size have been studied in the distribution network. Reference [8] studied the sitting and sizing of PV for an LV distribution system by using a genetic algorithm. The PV is associated with a deBES as a single system (PV-deBES). By using the genetic algorithm, the location and capacity of the PV-deBES are simultaneously searched in order to minimize power losses and investment costs. Instead of randomly assigning the installed capacity and location of PV to each household, in [9], the location of PV is assumed to be at the household with the highest load. Then the power of the PV is computed by using an iterative method: the installed power of PV is selected by incrementing the power of PV until the constraints on voltages and currents are reached. Also, the PV allocation is performed by using an optimal capacity-based PV method [10]. Furthermore, [11] carried out the optimal location and sizing of PV generation of radial distribution systems. It searches the PV in the different households by comparing the energy losses of the system. With the optimal location found, through an iterative process, the size of PV is incrementally varied and the size of PV that gives the minimum energy losses is the optimal size of the PV system. The above studies have worked on the sitting and sizing of the PV for only the AC distribution network with different approaches. Indeed, none of them limits the number of PV in the system. They focus only on the minimum energy losses, and voltage and current constraints. So, there could be an inversed power flow to the MV grid and the investment cost of the microgrid could be high due to the number of PV. In this section, we propose an approach for the location and sizing of PV with different locations of the BES in the hybrid AC/DC microgrid. The number of PV is limited by the constraint of reversed energy sent back either to the MV grid in "grid-connected" mode or stored in the ceBES in "off-grid" mode. The location of PV is defined by using the distance-based or power-based criteria of the DC cluster of the AC/DC microgrid. In this work, we have decided to choose this value with the following method. We suppose that each household could have only one PV panel. Its minimum installed power, 𝑃 𝑃𝑉_𝑚𝑖𝑛 , is equal to

Proposed algorithm

𝑃 𝑡𝑜𝑡𝑎𝑙 𝑁
where 𝑃 𝑡𝑜𝑡𝑎𝑙 is the total power at the peak load of the LV loads and 𝑁 the total number of loads. This approach is called the mean installed power method. Based on the 𝑃 𝑃𝑉_𝑚𝑖𝑛 found, we select a normalized value, 𝑃 𝑃𝑉 , which is just over 𝑃 𝑃𝑉_𝑚𝑖𝑛 among the standard value of the commercial PV panels provided in Appendix 4-A.

Step 1: block A021 to A023

For this stage, the inputs are the loads and poles description, load membership, DC spanning-tree description, the power of PV, and the total power of the cluster 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 which includes losses. There are two proposed methods for the PV sitting: the bottom-up and the maximum installed power method:

• Bottom-up method: it is based on the distance criteria. The distance from a pole to loads of clusters is calculated by using Dijkstra's algorithm. A PV panel is allocated step by step from the farthest to the closest load to the pole. • Maximum installed power method (MIP): it is based on the power of loads. A PV panel is allocated step by step to the loads with the highest to the lowest power. For this chapter, we will focus on the bottom-up method. The other method will be discussed in the next chapter. In the described method, the power of the PV panel is initially set at 𝑃 𝑘 𝑃𝑉 = 0. In each cluster, both methods start to connect a PV panel until the total power of PVs has reached the required power consumption of the cluster (including losses) as explained in Figure 4.3. Finally, the location and the number of PVs are obtained.

Step 2: block A024

In the second step, once we get the number and location of PVs, the energy produced by PVs in all clusters over a day is computed and could be higher than the energy needed from loads of the system. The objective is to avoid the excess energy sent back into the AC LV grid. In case the objective is not satisfied, PV will be removed step by step. For each cluster, the criterion used to select the PV to remove is the smallest distance to the pole so as to maximize local consumption and minimize DC losses.

The results of DC cluster topology from step A01, the power and location of PVs from the previous calculation, the normalized yearly PV and the load curves are used to recalculate the number of PVs. A normalized PV curve is got from Homer over a year. There are two seasons in Cambodia: the dry season where the consumption is increased during the day compared to the rainy season due to the use of fans. As the PV production also increases during the dry seasons (bigger solar radiation), we can assume that the difference between production and consumption is almost constant during the year. So, we supposed that the yearly load curve is the repetition of the daily load curve over 365 days. The typical appliances used in the house are phones, lamps, a TV, and fans [12]. The DC load flow of the cluster is performed to get the total power losses 𝑃 𝑘,ℎ 𝑙𝑜𝑠𝑠 for each hour h of the day. It is also assumed that the DC power losses are repetitive over a year. Next, we calculate the yearly power consumption of cluster 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ,ℎ including power losses and PVs production. In this step, there are three PV removal processes:

• Case 1: remove 1 PV per cluster per iteration • Case 2: remove 1 PV in all clusters per iteration • Case 3: remove 1 PV per clusters per iteration by descending order of number of PVs (PVs of specific cluster are not manually removed).

In this chapter, we focus only on the case 3 of the PV removal process because case 1 and case 2 could reach a situation without ceBES (no reversed power flow) and we need to avoid such a situation for this illustration case. Figure 4.4 shows the algorithm of the new numbers and locations of PV. The power 𝑃 𝑒𝑞_𝑘 is the difference of the instantaneous power of loads and PVs and 𝐸 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 is the energy of the cluster k over the year.

PVs sitting and sizing applied on the test system

Figure 4.5 shows the location of PVs of an AC/DC microgrid of the first step. The number and total power of the loads being equal to 26 and 10.25 kW, the minimal installed power of a PV panel must be at least 0.39 kW. The closer standard value of a PV panel given by Appendix 4-A is 0.43 kW (2 modules of 215 W). We noticed that most households have been installed with PVs (22 PVs/26 households). In other words, one PV has not been installed in a household per cluster. With this number of PVs, we found that the total energy of PVs production is significantly greater than the total energy required by the loads as shown in Figure 4.6 (left-side). Thus, we try to remove a PV per cluster per iteration until it satisfies the objective (case 3). 4.8 shows the power of all clusters over a day and Figure 4.9 shows the cumulative sum of energy for all clusters over a day. When the power is negative, there is an excess of energy inside the cluster because the PVs of each cluster produce more power than needed by the loads. On the contrary, when the power is positive, the cluster requires energy from the AC grid because the PV production is not sufficient. We can notice that at the end of the day, 63 clusters 1, 2, and 4 still need energy and cluster 3 is supposed to deliver energy. Globally, all clusters still need energy as they have been designed (no reverse energy). During the daytime, the load consumption is low and the production of PVs is high, thus, in each cluster, there will be reversed power flows from the DC clusters to the AC LV grid. However, in the evening for example, the lack of energy in the clusters will be supplied by the AC grid. The objective of the deBES is to store the energy in excess in the cluster instead of sending it to the AC grid and to use it later when the DC clusters need it in order to optimize local consumption.

Available methods

With high PV production during the daytime, the excess energy is stored in the battery storage. So, the integration of the BES in the distribution system arises some questions such as the required capacity of deBES, its location, and its schedule strategy. Researchers have proposed the mixed-integer linear programming (MILP) formulation for BES location and sizing strategy in order to minimize the total cost of system installation [13]. In [14] and [15], to reduce the losses and improve the voltage profile of the system, researchers used a Whale optimization algorithm and an artificial bee colony algorithm for the optimal location and sizing of BES. These problems have a non-linear objective function with non-linear constraints and 64 both integer and continuous variables, thus, they are complex problems that can be solved with the use of heuristics or metaheuristics. With these optimization methods, we usually get a different solution for every simulation. To avoid having a random process of assigning the location and sizing of deBES by an optimization algorithm, we impose the location of the battery (one per cluster) and find the optimal installed power and capacity. In the next section, we detail a proposed approach of deBES location and sizing as well as its scheduling. These conditions make ensure the deBES is fully discharged at the end of the day. Finally, we calculate the capacity of deBES over a year by using the input minimum state of charge of the battery (𝑆𝑂𝐶 𝑚𝑖𝑛 ), equation (4.5). Since the PV curve varies enough through a year (rainy and dry season), we compute the needed capacity for each day. Then, we can get up to 365 different sizes of the capacity of each deBES. Finally, we select the highest value of deBES size so that it can avoid the undersizing of deBES over a year. In this case, we do not have considered an extra safety margin. The power losses of the DC/DC charger in each cluster is given by:
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𝑃 𝐷𝐶/𝐷𝐶_𝑙𝑜𝑠𝑠_𝑘 (ℎ) = ( 𝜂 𝐷𝐶/𝐷𝐶 ) 𝜂 𝐷𝐶/𝐷𝐶 |𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ)| (4.2)
The power output of each cluster k is expressed by the following equation:

𝑃 𝑆𝑙𝑎𝑐𝑘_𝐷𝐶_𝑘 (ℎ) = 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 (ℎ) + 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ) + 𝑃 𝐷𝐶/𝐷𝐶_𝑙𝑜𝑠𝑠_𝑘 (ℎ) (4.3)
With the yearly profile of the 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ) in (3) of Figure 4.11, the daily energy of the deBES of cluster k is calculated over 365 days.

𝐸 𝑑𝑒𝐵𝐸𝑆 (𝑑) = 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ) 𝑑 ℎ (𝑑 ) 𝑑 = (4.4)
The capacity of deBES of cluster k is then defined as the maximal value of the daily requested capacity:

𝐶 𝑑𝑒𝐵𝐸𝑆_𝑘 (𝑑) = m x (𝐸 𝑑𝑒𝐵𝐸𝑆_𝑘 (𝑑))
𝑆𝑜𝐶𝑚 𝑛 

Application on the test system

.12 shows the location of deBES installed on the AC/DC microgrid. The efficiency of the bi-directional AC/DC converter 𝜂 𝐴𝐶/𝐷𝐶 and the DC/DC charger 𝜂 𝐷𝐶/𝐷𝐶 are 9 %. Table 4.2 provides the power of the DC/DC charger and the capacity of the deBES in each cluster. 4.13 shows the power profile of the deBES of the four clusters over a day. When the power is positive, the deBES is charged otherwise it is discharged. The maximum energycharged is at 17h as depicted in Figure 4.14. As expected, the storage means are fully discharged at least at the end of the day. Then, the AC grid must provide the remaining energy. 4.16 show the power and cumulative sum of energy provided by the AC grid for each cluster. We notice that the power of the slack bus is negative at some moments showing that clusters need energy in addition to the energy provided by the deBES. For cluster 3, it delivers the energy to the AC LV grid. However, the AC LV grid delivers energy to all clusters as expected. In the previous section, the size of each deBES has been found (A03). The AC LV grid can transfer energy among clusters and also provide energy to the clusters. This energy may come from either a genset and ceBES ("off-grid" mode) or the MV grid ("grid-connected" mode) though the MV/LV transformer. In some cases, with more PV panels, there could be energy in excess sent back from the AC LV grid to the MV grid (in "grid-connected" mode). A ceBES is installed in the "grid-connected" mode and at the same location as the MV/LV substation to avoid these reversed power flows, which may require to change the protection scheme and perhaps MV grid may be reinforced if many feeders are equipped with the system we propose.

Figure 4.17 shows the algorithm developed to ensure the operation of the AC/DC microgrid for the two options: "grid-connected" (sizing of the MV/LV transformer and ceBES) and "offgrid" option (sizing of the genset and ceBES). As result, the yearly profile of power at the MV/LV slack bus is obtained. An AC unbalanced load flow is performed and it is also used to size the AC conductor with respect to the voltage and current constraints.

Figure 4.19 shows the algorithm to find the yearly power of the ceBES which operation consists in avoiding reversed power flows. The outputs of the algorithm are the yearly power profile at the slack bus regarding the ceBES, 𝑃 𝑐𝑒𝐵𝐸𝑆 (ℎ) , and the MV grid or genset, 𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (ℎ). Then, with these values, we can calculate the capacity of the ceBES, 𝐶 𝑐𝑒𝐵𝐸𝑆 (ℎ) and find the installed capacity of the ceBES, 𝐶 𝑐𝑒𝐵𝐸𝑆 . The installed capacity of either the genset or the MV/LV transformer is 𝑃 𝑔𝑒𝑛𝑠𝑒𝑡/𝑡𝑟𝑎𝑛𝑓𝑜𝑟𝑚𝑒𝑟 = m x (𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (ℎ)). Finally, the energy either purchased from the grid or coming from the genset can be computed. The location of the ceBES and the bi-directional inverter are the same as the location of the MV substation. The efficiency of the bi-directional inverter 𝜂 𝐴𝐶/𝐷𝐶 is 95% [17]. As result of the simulations, the annual energy purchased from the MV grid or the genset 𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 = 𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (ℎ) 8760 ℎ is 2.76 MWh. For the test system, there is energy reversed to the MV/LV grid. To store the reversed energy, the capacity of the ceBES to be installed is at least 0.22 kWh (Figure 4 

Input data: Yearly

Pslack_AC(h), Start End Pslack(h) h=1 PceBES(h)=|Pslack(h)| Pgrid/genset(h)=0 Yes PceBES(h)=0 Pgrid/genset(h)=Pslack(h) No Pslack(h) Pslack(h) sum(PceBES(1:h-1))? No PceBES(h)=-sum(PceBES(1:h-1)) Pgrid/genset(h)=Pslack(h)-sum(PceBES(1:h-1)) Yes PceBES(h)=-Pslack(h) Pgrid/genset(h)=0

Results and discussions

Table 4.3 shows the simulation results of the AC/DC microgrid. The number of deBES, DC/DC chargers, and bi-directional AC/DC converter is 4 which is the same as the number of clusters. The size of ceBES and inverter obtained is quite different from the standard value based on the market. As a consequence, the cost of ceBES and inverter will be increased. The 71 size of the genset is about 5.73 kW (Figure 4.20) and the energy produced by the grid or genset is about 2.76 MWh. 4.4 shows the peak power and annual energy of the microgrid. The peak power from the grid or genset is 5.73 kW (55.9% of peak power consumption). 

KPIs computation

Figure 4.24 shows the SADT of the KPIs of the AC/DC microgrid which consist of the cost computation (CAPEX, OPEX, TOTEX and LCOE), the autonomous time and energy and the CO2 equivalent emissions for both "grid-connected" and "off-grid" modes. The capital expenditure (CAPEX) is the cost of investment at the initial year and the replacement or addition of some elements of the AC/DC microgrid during its lifetime. Let us consider the cost of AC and DC cables (𝐶 𝑐𝑎𝑏𝑙𝑒 ), PV-MPPT (𝐶 𝑃𝑉 ), BES (𝐶 𝐵𝐸𝑆 ), DC/DC charger (𝐶 𝐷𝐶/𝐷𝐶 ), bi-directional AC/DC converter (𝐶 𝐴𝐶/𝐷𝐶 ), bi-directional inverter (𝐶 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ), genset or transformer (𝐶 𝑔𝑒𝑛𝑠𝑒𝑡/𝑡𝑟𝑎𝑛𝑠𝑓𝑜 ) and 𝑟 is the discount rate for the planning period T. The 73 CAPEX is given by equation 4.7 with the hypotheses that PVs, lines, genset and MV/LV transformer have a lifetime equal or higher T (30 years), batteries have to be replaced every 5 years and inverters/converters every 15 years. 

𝐶𝐴𝑃𝐸𝑋 = 𝐶

OPEX

The operational expenditure (OPEX) is the cost of the operation of the system and consists of the cost of the energy purchased from the MV grid or from the genset (𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 ) which includes the power losses of the system and the operation and maintenance (O&M) costs. The O&M cost (𝐶 𝑚𝑎𝑖𝑛𝑡 ) includes the PV, the BES, the DC/DC charger, the bi-AC/DC, and the genset. There is no maintenance cost of the MV/LV transformer. So, the OPEX is given by the following equation:

𝑂𝑃𝐸𝑋 = 𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 𝐶 𝑒𝑙𝑒𝑐𝑡/𝑔𝑒𝑛𝑠𝑒𝑡 + 𝐶 𝑚𝑎𝑖𝑛𝑡 ( + 𝑟) 𝑡 𝑇 𝑡 0 (4.8)

TOTEX

The total expenditure (TOTEX) is the total investment cost of all elements and the O&M cost of the AC/DC microgrid. The TOTEX is given by the following equation:

𝑇𝑂𝑇𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 (4.9)

LCOE, autonomous time and energy, and CO2 emissions

The levelized cost of energy (LCOE) is the average cost per kWh of the useful electrical energy produced by the system. The LCOE is the ratio of all discount cost (the capital cost, fuel cost, and operations and maintenance cost) divided by a discount sum of the energy amounts delivered to loads 𝐸 𝑠𝑒𝑟𝑣𝑒𝑑 (𝑡). The LCOE is expressed by the following equation [18]:

𝐿𝐶𝑂𝐸 = 𝐶𝐴𝑃𝐸𝑋(𝑡) + 𝑂𝑃𝐸𝑋(𝑡) ( + 𝑟) 𝑡 𝑇 𝑡 𝐸 𝑠𝑒𝑟𝑣𝑒𝑑 (𝑡) ( + 𝑟) 𝑡 𝑇 𝑡 (4.10) 𝐸 𝑠𝑒𝑟𝑣𝑒𝑑 (𝑡) = 𝑃 𝑙𝑜𝑎𝑑 (ℎ, 𝑡) 8760 ℎ
. The autonomous time of the AC/DC microgrid is the percentage of time when the AC/DC microgrid does not need power from the MV grid or the genset over a year. While the autonomous energy is the percentage of the energy provided by the PVs over a year. They are given as follows: (4.12)

The energy of each source (PV, BES, grid, genset) being computed in the previous sections, the total CO2 emissions from the energy used will be computed and the CO2 emissions per kWh per source of energy is provided in the appendix 4-B. 4.5 shows the economic parameters of all elements. Also, it includes the operation and maintenance cost of elements per year as well as their lifetime. The AC and DC conductor costs are provided in the appendix 3.1. [12] Bi-directional inverter (k$/kW) [12] Genset (k$/kW) [20] 0.5 0.3 30 Fuel cost ($/L) [20] 1.5 NA NA MV/LV transformer of 15 kVA (k$) [21] 1 0 30 As a result of computation, the CAPEX per element at the initial year is shown in Figure 4.25. We notice that the DC/DC charger cost takes about 49% of the total cost. Table 4.6 shows the cost of each element of the AC/DC microgrid. The DC cable cost is the smallest among other cost since the DC structure of cluster is short and the cross-section of DC cable is small. 4.28 show the cumulative cost (CAPEX, OPEX and TOTEX) of the grid-connected and off-grid AC/DC microgrid over 30 years. Remarkably, the TOTEX of every 5 years increases slightly. It is due to the replacement cost of the BES. Furthermore, in the year 15, the TOTEX cost rises sharply. It is because of the replacement of the bi-inverter, bi-AC/DC and DC/DC charger. These results are only illustrative and no conclusion can be made on the comparison of grid-connected and off-grid. Indeed, in the case of grid-connected mode, the MV line to connect the MV/LV transformer to the MV grid has to be considered and could be expensive. 4.7 shows some key performance indicators of the AC/DC microgrid for both gridconnected and off-grid modes. The CAPEX of grid-connected is a little less than the off-grid mode. However, the OPEX of the off-grid mode is nearly 100 k$ which is significantly greater than the grid-connected mode. It is because of the price of fuel of the genset for the off-grid mode is almost double than the price of electricity purchased from the grid in the grid connected mode. The LCOE of the grid-connected mode of the AC/DC microgrid is half of the off-grid mode on showing that the connection to the grid is cheaper when it exists. On the other hand, the autonomous time and energy are 87.50% and 84.97% per year respectively. In other words, in case of outages on the MV grids or of the MV/LV transformer, people will not have electricity during 15% of the year. Regarding the environmental issue, the CO2 emission is computed for both modes. For the grid-connected mode, the energy is purchased from the national MV/LV grid. In Cambodia the energy mix consists of 44% of hydropower, 41% of coal, 8% of fuel oil, 6.36% of solar power and 0.64% of biomass power [22], and the mean CO2 emissions from electricity is 424 g/kWh [23] while the CO2 emissions generated by a diesel generator are twice (about 930 g/kWh [24]). Consequently, considering the energy previously computed, the CO2 emissions of the grid-connected and off-grid mode are 1171 kg/year and 2569 kg/year respectively. So, the grid-connected mode is more environmentally friendly than the off-grid mode. Finally, the grid-connected mode of our test system is more economic and environmental-friendly than the off-grid mode. One solution could be to avoid the genset and use a ceBES with grid-forming capability which would increase the price and is not realistic in developing countries.

Conclusion

In this chapter, a general methodology for the sitting and sizing of PVs and BESs in the hybrid AC/DC microgrid has been presented. The proposed approach consists of four steps and is validated with a test system described in the previous chapter. Firstly, the power of PV is computed by using the mean installed power method. And then, the PV modules have been allocated among households in the clusters by using the bottom-up method with an objective of optimizing local consumption. As results, about 50% of households have been installed with a PV. However, the installed PV modules produce more than the total required consumption during the daytime, thus, there will be excess energy in clusters. To store the energy, the deBESs are located at the same location as the bidirectional AC/DC converters of the clusters. A simple operation consists in discharging all the deBES by the end of the day. Then, the capacity of the deBES can be sized. For this reason, there is an excess and lack of energy in clusters so, the AC LV grid transfers the energy among clusters. A ceBES can be deployed to store the reverse energy from the LV grid to the MV grid in case there is excess energy from the AC/DC microgrid. At this stage, two options have been considered: "grid-connected" and "off-grid" modes. The result demonstrated that the "grid-connected" is better than the "off-grid" microgrid in terms of cost and CO2 emissions in the considered case but exhibits an autonomous time of 87.5% per year after the deployment of PV and deBES. Nevertheless, with a small test system, the proposed algorithm could not demonstrate its sensitivity and dynamics yet, facing the variation of the loads, the different topologies of the system, etc.

The next chapter will focus on the comparison of the microgrid: AC/AC versus AC/DC. The uncertainty of loads will be presented to evaluate the dynamic of the proposed algorithm. Furthermore, the three PV allocation methods will be investigated. And then, the topologies of two real cases will be applied to observe the sensitivity of the proposed approach. Both gridconnected and off-grid microgrids will be discussed thoroughly. Finally, the KPIs of both systems will be evaluated.
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Chapter 5: Towards the low voltage hybrid AC/DC microgrid for a rural village

This chapter aims at validating the hybrid AC/DC microgrid algorithm on two different topologies (the L-network vs. Y-network) and to compare the results obtained with a full AC topology. Also, we make an analysis on the sensitivity and robustness of the proposed algorithm. 
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Nomenclature

Introduction

In chapter 3 and chapter 4, the novel architecture of a rural low voltage AC/DC distribution system has been proposed. The multi-stage algorithm of methodology has optimized the network topology and the sizing of distributed energy resources (PVs and batteries), and has been illustrated on a small test case. Indeed, the PVs have been sized and allocated among households. Also, the deBES has been sized, allocated and controlled in clusters of the AC/DC microgrid. And then, the ceBES has been sized in the AC/DC microgrid for both "gridconnected" and "off-grid" mode. In this chapter, two real test cases with different structures will be used to observe the sensitivity and robustness of our proposed algorithm for the hybrid AC/DC microgrid. These results will be compared with a full AC topology to discuss the interest of a hybrid AC/DC solution.

Many prior researchers have studied hybrid AC and DC microgrids by comparing their benefits. References [1-2] have compared the power losses and conversion efficiency of AC and DC microgrids. The results show that the low voltage DC distribution system is more effective than the AC distribution system. Moreover, researchers [3] have investigated a comparative analysis of AC and DC of microgrids. As far as renewable energy sources are considered, the DC microgrid is easier to be operated (for voltage, frequency, and phase concerns) than the AC microgrid. Indeed, the power quality and the reliability of the DC microgrid are better than the AC. However, compared to the AC, the drawback of the DC microgrid is the high initial investment cost (for autonomous microgrids). In [4], researchers have studied AC and DC microgrid planning. The type of microgrid is selected based on economic consideration and other planning criteria (the ratio of AC loads, the ratio of DC loads, and the efficiency of inverters and converters). As the result of the paper, the ratio of DC loads is the decisive factor for defining the type of microgrid (AC or DC). Furthermore, by considering the ratio of the DC load, the DC microgrid has a potential economic advantage over the AC microgrid when it has many DC loads [5]. In the aforementioned research, researchers have investigated only the comparison of AC and DC microgrids: power losses, efficiency, the ratio of DC load, control method, and planning. Indeed, these research works have focused either on the AC microgrid or the DC microgrid. But none of them investigate the hybrid AC/DC microgrid. In this work, an optimal topology of the hybrid AC/DC microgrid have been found by using the multi-stage algorithm: K-means clustering technique, minimum spanning tree, shortest path and mixed-integer linear programming. Then, the sizing and location of PVs and BESs of the AC/DC microgrid have been found. Thereafter, we propose a sensitivity and robustness analysis of hybrid AC/DC microgrids. The uncertainty on the load will be presented to evaluate the sensitivity of the system, and then, two real test cases will be considered to investigate the robustness of the proposed algorithm. Finally, the total cost (CAPEX, OPEX, TOTEX), autonomous time and energy, LCOE and CO2 emissions of the microgrid will be evaluated over the planning period for both "grid-connected" and "off-grid" mode.

The rest of this chapter is organized as follows: Section 5.2 proposes test case A (L-network) that consists of the description of networks and their input data. In this section, the hybrid AC/DC microgrids with L-structure will be investigated for the validation of our proposed algorithm. Moreover, the uncertainty of load is also discussed and a comparison with full AC microgrids is done. Next, test case B (Y-network) is presented in Section 5.3 for the same investigation as Section 5.2. In Section 5.4, the comparison between test cases A and B will be discussed in order to investigate the robustness of the proposed algorithm of the AC/DC microgrid. Finally, conclusions are drawn in Section 5.5.
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and BES to the AC/DC microgrid, the bottom-up method (section 4.3.3.1 of chapter 4) has been selected for the PV allocation. Also, case 1 of the PV removal process: remove 1 PV per cluster per iteration (section 4.3.3.2 of chapter 4) has been used, because it will improve the voltage profile of the farther household in order to respect the constraints and minimize the cost of the hybrid AC/DC microgrid.

Hybrid AC/DC microgrid: results and discussion

Optimal topology of the AC/DC microgrid

By using the K-means clustering technique, the optimal number of clusters is K=11. Figure 5.2 shows the percentage of the variance as a function of the number of clusters where it can be seen that the optimal number of clusters is K=11 using the Elbow method. The point with the longest distance to the straight line is considered as the Elbow [8]. 5.1 provides the results of simulation of test case A. The total peak power losses (at 19h) of the system are 5.10 kW (about 12% of the power demand of the system). The total power losses include the AC power losses of 3.84 kW and the DC power losses of 1.26 kW. We noticed that the DC power losses are lower than the AC losses for the reason that, there are a small amount of power in each DC cluster that leads to DC power losses when the DC load flow is performed. In addition, the length of DC conductors in each cluster is shorter than the AC main feeders, thus, the losses in the DC grid is less than the AC grid. 5.4 shows the cross-section of DC cluster conductors in 3D plot in order to respect the voltage and current constraints. Selected cross-sections vary from 16 mm² for cluster having a low peak consumption up to 50 mm² for cluster having high peak consumption. Figure 5.8 shows the ratio of the energy of the PVs and loads over a year for all clusters. As expected, we noticed that for all clusters, the ratio of the energy of the PVs and loads is under 100% and it means that, the energy produced by the PVs is lower than the energy required by the loads in each cluster. Thus, every cluster needs energy from the LV AC grid. Similarly, the total energy produced by the PVs is lower than the energy needed by loads in the system, so, our AC/DC microgrid still need the energy from the MV grid/genset as expected. .9 shows the power of all clusters over a day and Figure 5.10 shows the cumulative sum of energy for all clusters over a day. We can notice that, there is an excess of energy inside each cluster (negative power) between 5h and 17h. Nevertheless, all clusters require energy from the AC LV grid from 17h (positive power). Overall, at the end of the day, all clusters still need energy from the MV grid/genset. Figure 5.9 Power of all clusters over a day Figure 5.10 Cumulative sum of energy for all clusters over a day Figure 5.11 shows the power profile of the deBES of all clusters over a day. The deBES are charged during the day and discharged at night. In Figure 5.12, we can see that the maximum charge of energy of all deBES is at 17h. All deBES are fully discharged at least at the end of the day as expected. 5.16 show the power and cumulative sum of energy of the AC slack bus, the MV grid/genset and the ceBES. For the test case A, there is no reversed energy to the MV/LV grid, thus, our AC/DC microgrid does not have the ceBES. However, if there is an uncertainty on the load, the value of ceBES will not be 0. The section 5.2.3.4 will discuss on the variation of load on the AC/DC microgrid. 15.85 A MV/LV transformer 50 kVA (k$) [10] 2

Figure 5.17 illustrates the energy losses of the different components of the hybrid AC/DC microgrid. We notice that the 58% of energy losses of the system is taken by the DC/DC charger losses. Overall, the total energy losses of the system are 6.53 MWh per year of which the losses in an AC LV grid takes only 7%. Figure 5.17 Energy losses by elements of the hybrid AC/DC microgrid over a year 94 Figure 5.18 shows the share of the energy production per type of sources in the hybrid AC/DC microgrid. The energy needed from the MV grid or genset is about 15.85 MWh while the energy from the PVs and deBESs are about 29.52 MWh and 33.29 MWh respectively. We can see that all energy from the PVs and deBESs account for about 80% of all energy production. Figure 5.18 Pie chart of the energy generated in the hybrid AC/DC microgrid Table 5.4 indicates the active peak power and annual energy of the microgrid. The energy needed from the MV grid or genset is about 15.85 MWh while the peak power from the grid/genset is 21.64 kW (about 50% of peak power consumption). Moreover, we can notice that the total energy losses are 6.53 MWh/year which accounts for 8.3% of the total energy generated in the AC/DC microgrid due to the efficiency of the chargers and converters (95%). If we consider the 100% efficiency of the DC/DC chargers and converters, the total energy losses could be 1.75 MWh (2.2% of the total energy generated in the system) which represents only the losses in the DC and AC conductors. As a comparison, in Cambodia, the overall energy losses of the system is about 10% of the total energy generated in the system [11]. Table 5.4 Power and annual energy of the hybrid AC/DC microgrid Active peak power from the grid/genset (kW) 21.64 Total energy generated in the system (MWh/year) 78.66 Energy purchased from the grid/genset (MWh/year) 15.85 Total energy losses (MWh/year) 6.53

Key performance indicators

As the result of simulation, the CAPEX per elements at the initial year is shown in Figure 5. 19. We notice that the DC/DC charger cost account for about 39% of all cost of the system. Table 5.5 shows the cost of each element of the AC/DC microgrid. It is noticed that, the cost of DC and AC conductors are almost the same (around 20 k$) although, the length of DC conductor is nearly double the length of AC conductor. Remarkably, the CAPEX of every 5 years increases slightly. It is due to the replacement cost of the deBES. Furthermore, in the year 15, the CAPEX rockets sharply. It is because of the replacement of the bi-directional AC/DC converter and DC/DC charger. As we see that about 20% of the energy needed is purchased by the MV grid (electricity) or provided by the genset (fuel) and the price of electricity (0.27 $/kWh) is half of the fuel cost for the generator (0.495 $/kWh), thus, for the OPEX, the grid-connected system increases slightly while the off-grid system grows rapidly. Totally, the TOTEX of the grid-connected is just over 300 k$ (about 2/3 of the off-grid system) at the end of planning year. indicates key performance indicators of the hybrid AC/DC microgrid for both gridconnected and off-grid modes. For the CAPEX, the off-grid mode is little greater than the gridconnected mode which is about 217 k$ at the end of planning period. Moreover, due to the price of the fuel, the OPEX of the off-grid is just over 250 k$ which is greater than the grid connected mode that needs the energy from the MV grid with the lower price of electricity. The LCOE of the grid-connected mode is 0.27 $/kWh which is cheaper than the off-grid mode. It can be comparable with the LCOE (0.30-0.33 $/kWh) of a AC/DC hybrid system with a PV, diesel generator and BES in a remote community in Bangladesh [12] and the LCOE (0.17-0.19 $/kWh) 97 of an isolated hybrid system with the diesel generator, PV and BES in islands in Indonesia [13]. The autonomous time and energy are 80.2% and 79.9% respectively: during 20% of the year, villagers cannot access electricity in case the national MV grid is not available (due to MV outages during about 22 h per year [14]) . With regard to the environmental issue, the CO2 emission generated by the genset of the off-grid mode is 14737 kg/year which is more than twice the grid-connected mode. Thus, the grid-connected mode of our case study is the better choice than the off-grid mode regarding the environmental pollution. In conclusion, the gridconnected mode of AC/DC microgrid of our case study is more economic and climate-friendly than the off-grid mode but the continuity of supply is not ensured in case the MV grid is not available. In the next section, the effect of the uncertainty of loads on the hybrid AC/DC microgrid will be discussed.

Uncertainty of loads on the AC/DC microgrid

For the variation of loads, an interval of [-50%, +50%] of the load profile is selected and 1000 simulations have been performed. For the simulations, the size and location of PV and deBES, the DC and AC conductors, are always the same since they are found by the previous algorithms. The load is randomly changed in an interval [-50%, +50%] of the typical load profile per hour and per load, and the variation does not apply an offset. Figure 5.23 shows the minimum and maximum envelope within which the random hourly load curve is generated for each household and an example of random curve. The value of [1h, 6h] and [22h, 24h] are always 0 because the load profile is 0 for these time intervals. For the simulation, we decided to select 1000 simulations even if we have noticed that the results of the 100 simulations provided some KPIs with value close to those obtained with 1000 simulations.

Chapter 5

K. KHON, ITC-UGA 98 Since, the value of the ceBES is too small compared to other KPIs, we have illustrated the results in two separate figures. Figure 5.24 shows the result of each normalized KPI using the boxplot for the "grid-connected mode". The central red mark is the median, and the bottom and top edge of the box indicate the 25 th (lower quartile) and 75 th percentiles (upper quartile), respectively while, the outliers are red '+' symbol which is greater or less than one and a half of the interquartile value (75 th -25 th ). For the example of the 2 nd box (energy from the grid/genset), the median is about 1 and the bottom and top edge are approximately 0.975 and 1.025. It means that 25% result of the energy purchased from the grid/genset are between [0.975, 1] and another 25% are between [1, 1.025] while others 50% results are outside these intervals. Furthermore, the minimum value is about 0.89 and the maximum is about 1.125. The value which is greater than 1.1 and less than 0.9, are considered as the outliers (extreme points) noted red '+' symbol. For the 4 th box (autonomous time), it is noticed that the minimum is about 0.8 and the maximum is about 1.1 and it does not have any outlier. For the 6 th box (CAPEX), it is the best among KPIs because its median, minimum and maximum are close to 1. There is a small variation for CAPEX because it is linked to the structure of the microgrid. However, there is very huge variation for the CO2 emissions because this variable is linked to the energy balance from the grid/genset. Figure 5.24 Sensitivity analysis of the KPIs using the boxplot for the "grid-connected" mode Figure 5.25 shows the result of the CeBES in the boxplot for both modes. We have noticed that the median of the CeBES is about 5 kWh, while the 25 th and 75 th percentiles are about 4 kWh and 6 kWh, respectively. The minimum and maximum values of CeBES are nearly 2 kWh and 11 kWh. Indeed, there are several upper outliers that are greater than about 9 kWh. Some KPIs have small outliers because they are linked to the structure of the grid that does not evolve for the different cases. Other KPIs have numerous outliers and are very spread because they are linked to the balance between production and consumption and therefore very dependent on the loads. 99 Figure 5.25 Sensitivity analysis of CeBES for both modes For both "grid-connected" and "off-grid" modes, the peak power from the grid/genset, energy purchased from the grid/genset, total energy losses, autonomous time and energy, and CeBES are always the same, except for CAPEX, OPEX, TOTEX, LCOE, and CO2 emissions (see Table 5.6). It is noted that the boxplot of all KPIs is almost the same as the "grid-connected" mode as shown in Figure 5.26.

Figure 5.26 Sensitivity analysis of the KPI using the boxplot for the "off-grid" mode 100 Table 5.7 shows the results of some KPIs with the uncertainty of load consumption. As a result of simulations, for both "grid-connected" mode and "off-grid" mode, three values of KPIs are calculated: the original value, the mean value, and the standard deviation (Std) value. We can notice that the CeBES changes from the original 0 kWh to 5.15 kWh with the Std of 1.71 because the value of CeBES is always positive for the variation of loads. The ceBES=0 is for the regular case and all other cases will require a centralized storage element. However, other KPIs do not change much. It means that only the CeBES is sensitive when there is a variation of loads.

Comparison with full AC microgrid

In the previous section, all results are for the hybrid AC/DC microgrid. In comparison with the hybrid AC/DC microgrid, we propose two full AC microgrids (option 1 and 2). For these microgrids, the same optimal topology process that has been used in Chapter 3 will be applied. Also, the cost of PV, BES, converters, conductor, and bi-directional inverters that have been used in the previous section will be used.

• Option 1: the same size and location of PVs, bi-directional inverters, and AC/DC converters, and the same size, location, and schedule of deBES that have been found in Section 5.2.3, will be used.

• Option 2: the size and location of PVs and deBES process that have been used in the paper [15] will be applied. Unlike our previous microgrids, the PV and deBES are a single system which means that the PV and deBES are at the same location. To find the size and location of PV and deBES, a Genetic Algorithm (GA) has been used in the paper [15]. Table 5.8 shows the results of some KPIs of these microgrids compared to those of the hybrid AC/DC microgrid. This comparison has been done for the "grid-connected" mode.

101 As the result, for the hybrid AC/DC versus full AC option 1, we can notice that the peak power from the grid for the full AC is a little greater than for the hybrid AC/DC because at night time, after full discharge of the deBES, the power from the grid must supply the microgrid at some hour. The peak power from the grid is very sensitive since this value is computed once a year (time step of one hour). Consequently, the energy purchased from the grid of the full AC is bigger than the AC/DC (about 3 MWh/year). Also, the total energy losses of the full AC are greater than the hybrid AC/DC because, in AC, the system voltage is 230V with the main feeder of 50 mm 2 and the conductor of 4 mm 2 from poles to loads, while in the AC/DC, we have a 230V AC with the main feeder of 50 mm 2 and 50V DC. On the DC side, the cross-section of the conductor range [16 mm 2 -50 mm 2 ] induces less power losses than a 230V AC with conductor of 4 mm 2 . Regarding to the economic analysis, the CAPEX of the full AC is bigger than the AC/DC because the 4 wires-three phases main feeders of the AC is longer than the AC/DC. In the AC, all 4 wires are installed. It means that the lengths of the phases A, B, C and N are equal but, in the AC/DC, the length of the phases is different and depends on the last and farthest connection to the cluster. Moreover, due to the less energy losses of the full AC, its OPEX is smaller than the AC/DC. In addition, TOTEX of the AC/DC is cheaper than the AC. In addition, the autonomous time of the AC/DC (80%) is better than the full AC (75%). Finally, the CO2 emissions of the AC/DC (6700 kg/year) is eco-friendlier than the full AC (8000 kg/year).

For the hybrid AC/DC versus full AC option 2, we can notice that, in the full AC, the total power of PVs is about 40% greater than the AC/DC. It is because in the AC/DC, the objective 102 of the capacity of PVs is based on the energy (the total energy of clusters is less than the total energy of loads) thus, there is a limitation of PVs while in the full AC option 2, it depends on the objective which maximizes the local consumption and minimizes the power losses of the system. The more the PV is installed, the more the capacity of deBES is increased. Indeed, there is an ceBES to store the reversed power flow to the MV grid. The peak power from the grid is about 1.5 kW (far smaller than the AC/DC: 21 kW) due to the large amount of PV installed. Consequently, the energy needed from the grid is only 1.33 MWh. However, the total energy losses are 14.05 MWh/year (6.53 MWh for the AC/DC), because, in this full AC, the conductor from poles to loads is only 4 mm 2 which induces more losses than the AC/DC with bigger crosssections. Indeed, in the full AC, the bigger charger produces more energy losses than the AC/DC. Regarding to the economic aspect, CAPEX of the full AC is about 60k$ greater than the AC/DC because of the higher investment cost of PVs, deBES, chargers, and inverters in the full AC. However, OPEX of the AC is about 1/3 of OPEX of the AC/DC due to a small amount of energy purchased from the grid and total energy losses. Altogether, TOTEX of the full AC is more effective than the hybrid AC/DC. The autonomous time of the full AC is slightly greater than the AC/DC because of the higher capacity of PV installed. Finally, with only the CO2 emissions of 563 kg/year, the full AC is more environmentally-friendly than the hybrid AC/DC (6719 kg/year). In terms of planning, the main drawback of the full AC option 2 is that it requires a huge initial CAPEX. In the contrary, the hybrid AC/DC microgrid could be deployed step by step i.e. the clusters can be built independently and then connected together in AC. Consequently, the AC/DC microgrids would be the best option if the system operator cannot invest all the CAPEX in the initial year.

In the next section, the test case study with different topologies (Y-network) will be investigated and then, the comparison of both cases will be drawn to find out the sensitivity and the robustness of the proposed algorithm.

Test case B: Y-network

Site description

In this section, a village on an island has been selected as a test case B. The village is The Inn village which is located in Sangkat village, Koh Rong district, Preah Sihanouk province, Cambodia as shown in Figure 5.27. The Inn village is a small fishing village on the southwestern side of Koh Rong island and it is located 20 km from the mainland of Preah Sihanouk city. Some villagers are currently using the diesel generator as the electricity and some use individually the solar home system with battery storage. This un-electrified village has 73 households/loads with a total power of 29.52 kW and 12 electrical poles. Figure 5.28 shows the DC loads and electrical poles located along the road which are supplied by a Genset in "off-grid" mode or the MV/LV transformer in "grid-connected" mode in case the MV grid is available. Detailed information on loads and poles (peak power and coordinates) is provided in Appendix 5-A and 5-B. For the test case B, the following data have been used:

• data of loads and poles (peak power, coordinates) from the appendix 5.A and 5.B,

• load curve and PV production profile for the test case A

• DC and AC conductor data from the appendix 3

• economic data from the chapter 4

The same methodology from chapter 3 is applied as well as the same PV allocation and PV removal process used in the test case A. With the application of the K-means clustering technique on the DC loads, it can be seen that the optimal number of clusters is K=8 using the Elbow method [8]. Next, the MST is performed to get the DC structure of each cluster. And then, all clusters are connected to electrical poles by using the shortest path algorithm. As the result, the total length of the DC conductor is 2425 m. After that, each cluster is connected to one phase by using the MILP. Finally, the AC three-phase power flow is performed. To respect the voltage constraints, the cross-section of the AC conductor is increased from 16 mm 2 to 25 mm 2 . Table 5.9 provides the results of test case B. We can notice that the power of each phase is nearly balanced (𝑃 𝐴 = 11.15 𝑘𝑊, 𝑃 𝐵 = 10.78 𝑘𝑊, 𝑃 𝐶 = 10.97 𝑘𝑊). The total peak losses of the system are 3.38 kW (about 11% of the total power consumption of the system) which is nearly the same as test case A (12%). The power losses include the AC power losses of 2.80 kW and the DC power losses of 0.58 kW. 5.31 indicates the cross-section of the DC conductors. The cross-section varies from 6 mm 2 for the cluster with the lowest peak consumption to 70 mm 2 for the cluster with the 106 highest peak consumption. For test case A, the range of DC cross-section is [16 mm 2 , 50 mm 2 ]. It is because the loads are not well distributed geographically, thus there is a different number of loads and power in clusters. As a result, it has an impact on the structure of the clusters and the choice of the cross-section of DC conductors. 5.32 shows the AC voltage profile of poles and clusters of the hybrid AC/DC microgrid. We notice that from pole 6 to 8, the voltage of phase B and C remain constant while the voltage of phase A declines slightly. It is because there are no loads on the pole 7 and 8, and the pole 8 is the one of last electrical pole of the system. Indeed, the voltage of cluster 8 on the phase A is the lowest voltage (0.918 pu) which respects the voltage constraint. Figure 5.33 shows the percentage deviation inside each cluster. We notice that the voltage of cluster 1 is the lowest among clusters even if there are only two loads in cluster 1. It is because, the cross-section of DC conductors in this cluster is the smallest (Figure 5.31). 107 However, the lowest voltage of cluster 1 is 0.953 pu which does not violate the voltage constraints. There is no PVs in the cluster 1 because there are only two houses and the total power is small (0.65 kW). Nevertheless, in cluster 6, there is the highest number of PVs installed (10 PVs) due to the big power consumption. The total number and power of PVs in each cluster are shown in Table 5.10. Indeed, Figure 5.35 shows the ratio of energy of PVs and loads over a year. For all clusters, we can notice that the ratio of energy of PVs and loads is under 100%, so, it means that every cluster needs the energy from the PVs and the AC LV grid as expected. For cluster 2 and 3, the ratio is smaller than other clusters, because in these clusters, there is only one PV that is installed. So, the total energy produced by a PV in cluster 2 and 3 is much smaller than other clusters. Finally, the hybrid AC/DC microgrid requires the energy from the MV grid/genset. .36 shows the power of all clusters over a day. There is an excess power inside each cluster (negative power) before 17h except cluster 1 (positive power). However, all clusters need energy from the AC LV grid from 17h as shown in Figure 5.37 (the same as test case A). Figure 5.36 Power of all cluster over a day Figure 5.37 Cumulative sum of energy for all clusters over a day Also, Figure 5.38 shows the power profile of the deBES over a day and Figure 5.39 shows the cumulative sum of the energy of deBES over a day. The deBES are charged during the day until 17h (maximum charge of energy) and discharged at night. Unlike case A, for case B, from 5h to 17h, the deBES of cluster 3 discharges at 8h and at 14h. And the deBES discharges again from 17h. 5.41 show the power and cumulative sum of energy of the slack bus in clusters over a day. We can notice that only cluster 1 requires the energy from the AC LV grid from 6h because there is no PV in this cluster, while other clusters need it from 18h (for test case A, all cluster need energy from 18h). 5.43 show the power and cumulative sum of the energy of the AC slack bus, the MV grid/genset and the ceBES. We can notice that there is no reversed energy to the MV/LV grid, thus, there is no ceBES on the AC/DC microgrid (the same as the test case A). Nevertheless, if there are uncertainties on the load, the following section will discuss on the value of the ceBES. 5.11 indicates the simulation results of the AC/DC microgrid integrated with PVs and BESs. There are only 7 deBES and 7 DC/DC chargers that have been installed because, there is no PV in cluster 1 as previously mentioned. The total installed capacity of the deBES is 97.50 kWh. Moreover, we do not have a ceBES, neither the bi-directional inverter. The energy produced by the MV grid/genset is about 10 MWh and the size of the genset is 20 kW. Since the total load peak power is 29.52 kW, a capacity of the 30 kVA-MV/LV transformer is selected. 1.5

Figure 5.44 shows the energy losses by elements of the hybrid AC/DC microgrid. We notice that the DC/DC charger losses takes about 65% of the energy losses of the microgrid (7% greater than losses in the test case A). It is because in case B, we have a cluster without DC/DC charger. So, the power exchanged in other DC/DC charger will be bigger and it results in higher losses. In total, the total energy losses of the system are about 4.15 MWh per year while the losses in the AC LV grid is only 0.25 MWh. 5.12 indicates the annual energy and total energy losses of the microgrid for test case B. The peak power from the grid/genset is 14.80 kW which is about 50% of peak power consumption (the same as test case A). The energy purchased from the grid/genset is 10.25 MWh which is about 19% of the total energy in the system (little less than test case A: 20%). Also, the total energy losses of the system take 4.15 MWh which accounts for 7.73% of the total energy generated in the system (little less than test case A: 8.3%). These energy losses are due to the efficiency of the chargers and converters (95%). If we consider a 100% efficiency, the total energy losses could be 0.82 MWh (1.53% of the total energy generated in the system) which account for only the losses in the DC and AC conductors. 

Key performance indicators

As the results of simulation, Figure 5.46 indicates the CAPEX per elements at the initial year. The DC/DC charger cost takes about 43% of all cost of the system (little greater than the test case A). When the microgrid is small, the unitary cost of DC/DC charger is high compared to other costs as shown in Table 5 Moreover, Figure 5.47, Figure 5.48 and Figure 5.49 show the cumulative costs (CAPEX, OPEX and TOTEX) of the grid-connected and off-grid AC/DC microgrid over planning period (30 years). We can notice that, due to the replacement costs of the deBES and ceBES, the TOTEX of every 5 years increases moderately (the same as the test case A). Indeed, in the year 15, the TOTEX cost surges sharply because of the replacement of the bi-directional AC/DC converter and DC/DC charger. In total, the TOTEX of the grid-connected is just over 220 k$ (about 2/3 of the off-grid system) at the end of planning year (the same as the test case A). 5.14 shows the key performance indicators of the hybrid AC/DC microgrid for both grid-connected and off-grid modes. At the end of planning year, the CAPEX of the off-grid mode is slightly greater than the grid-connected mode. Remarkably, the OPEX of the off-grid is about 190 k$ (three time than the grid-connected mode). It is because of the price of the fuel as test case A. In addition, the TOTEX is just over 350 k$ for the off-grid which is greater than the grid-connected mode. On the other hand, for the off-grid mode, the LCOE of system is 0.45 $/kWh which is more expensive (twice time) than the grid-connected (the same as the test case A). Thus, economically, the grid-connected is the best choice. The autonomous time of the AC/DC microgrid is about 37.50% per year while its autonomous energy is about 80%. So, it means that the microgrid can ensure only 37.50% of the electricity access for the village. Concerning the environmental problem, the grid-connected mode of the system produces only 4344 kg of CO2 emission while the genset of off-grid mode emits nearly twice time. Thus, the grid-connected mode is environment friendly than the off-grid mode. In conclusion, the gridconnected mode of the hybrid AC/DC microgrid is more economic and environmental-sound than the off-grid mode.

Uncertainty of loads on the hybrid AC/DC microgrid

For the test case B, the same load profile with the uncertainty of loads in the test case A is used and 1000 simulations are performed. Two separate figures are also illustrated. Figure 5.50 indicates the result of the KPIs using boxplot. We can notice that the CAPEX is the best among KPIs (as for test case A). Moreover, the box (total energy losses, autonomous energy, TOTEX and LCOE) are almost the same as test case A. However, the autonomous time (4 th box) have lower and upper outliers. Its minimum and maximum are nearly 0.7 and 1.25 and it has a bigger range than the test case A. In general, only the autonomous time has a significant effect between test cases A and B, while the other KPIs do change little. The method is very sensitive to the peak load. A safety margin could be considered or the removal process of PV could not be used to avoid bad values of KPI as uncertainties are introduced. .51 indicates the result of ceBES in kWh for both modes. The median of ceBES is about 0.80 kWh while 50% of the result are between 0.4 kWh and 1.2 kWh (much less than test case A: 4 kWh and 6 kWh). The minimum and maximum value are 0.1 kWh and nearly 4.5 kWh, respectively. We can note that the value of the ceBES could be small or big depending on the power consumption of the system (Maximum ceBES; test case A= 11 kWh and test case B= 4.5 kWh). The bigger the power consumption is, the bigger the ceBES is (test case A). The smaller the power consumption is, the smaller the ceBES is (test case B). Figure 5.51 Sensitivity analysis of ceBES of test case B for both modes From Figure 5.52, we can notice that the result of the KPIs are almost the same for both "grid-connect" and "off-grid" modes (as for test case A). So, the uncertainty of loads does not affect the grid mode. With the same uncertainty of loads as the test case A, Table 5.15 shows the result of KPIs with the uncertainty of loads. We can notice that the total losses of the system increase little from 4.15 MWh to 4.29 MWh with the Std of 0.045 for both modes (the same as test case A). Remarkably, the autonomous time jumps from 37.50% to 67%. It is very sensitive since this value is considered for every 1h time step (if the power is produced by the MV grid/genset, the autonomous time is reduced by 1h whatever the duration of request). However, the autonomous energy still remains around 80% (the same as test B) because it is computed on the basis of energy. The CeBES changes slightly from 0 to 0.88 kWh with the Std of 0.56 (greater than the CeBES of test case A). Nevertheless, others KPIs change little. Totally, it means that for this test case, the autonomous time is very sensitive and the CeBES is also sensitive when there is the variation of loads.

Comparison with full AC microgrid for test case B

To compare with the hybrid AC/DC microgrid, the same process and the two options of the full AC microgrid of Section 5.2.3.5 will be used. The results of these microgrids are shown in Table 5.16.

For the hybrid AC/DC versus full AC option 1, unlike test case A, the peak power from the grid for the full AC is slightly less than for the AC/DC. The energy purchased from the grid, total energy losses, CAPEX, OPEX, TOTEX and CO2 emissions have the same tendency as test case A. Also, the autonomous time of the full AC is better than the AC/DC because it is very sensitive since this value is considered for every 1h time step (the autonomous time is reduced by 1h whatever the duration of energy requested).

For the hybrid AC/DC versus full AC option 2, we can notice that the total capacity of PV installed for the full AC is 40% greater than for the AC/DC (the same as test case A). Overall, the KPIs of the full AC has the same trend as test case A. Therefore, the full AC microgrid option 2 is more economic and environmental-friendly than the hybrid AC/DC. Nevertheless, as for test case A, it requires a big initial investment. 119 In the next section, the comparison between test cases A and B will be drawn to find out the sensitivity and robustness of the proposed algorithm of the hybrid AC/DC microgrid, regarding the load density, technical concern, and foreseen evolution of the system.

Comparison between test cases A (L-network) and B (Y-network)

Impact of load density on the topology

From the result of test cases A and B, as far as our method is considered, we can notice that, for test case A, most of the loads are fairly distributed along the street, thus, it is advantageous to the cluster creation for the balance of the number of loads in clusters as shown in Figure 5.53. Nevertheless, loads of the test case B are non-uniformly spread and it causes to create an unbalanced number of loads in the clusters when we apply the clustering technique. So, loads are more geographically balanced for test case A compared to test case B. As a consequence, the number of loads per cluster is more constrained for test case A compared to test case B. Moreover, if we consider the ratio of the total length and number of loads per cluster, we can notice that, in test case A, most of the clusters are almost balanced. However, there is a big gap among clusters (unbalanced) in test case B. 121 Figure 5.55 Ratio of conductor's length and number of households per cluster

Technical concern

In the hybrid AC/DC microgrid, the PVs and deBESs can produce and consume locally in each cluster. If there is an excess of energy, it will be sent to the LV AC grid. In case, there is an excess of energy in the LV AC grid, thus, there will have a reversed energy to the MV grid. To avoid the reversed energy to the MV grid, the ceBES will be installed and sized depending on the amount of the reversed energy. The advantage of the deBES is to store the energy in clusters, so that, there will be less amount of power flow/exchange in the LV AC grid. Thus, the losses are minimized (reduction of losses in conductors). Generally, the installed deBES and ceBES could minimize the conductor losses. However, if we consider only a big ceBES at the MV/LV substation without deBES in our hybrid AC/DC system, the conductor losses will be increased due to the amount of power flows. The benefit of the installed big CeBES is that we do not have individual losses in the converters/chargers. Regarding to the replacement and maintenance cost, the installation of a big ceBES is better than the installed deBES and ceBES together. As the results are shown in Table 5.17, we can notice that the size of only ceBES is a little bigger than the deBES+ceBES for both test cases. It can be seen that the CAPEX has a moderate increase for both test cases due to an increase in the size of the AC/DC converter of each cluster when there is no deBES. Indeed, the OPEX has risen significantly more than three times for both test cases because only ceBES could induce more power losses in the system than the deBES+ceBES. Consequently, the TOTEX has increased by 72% and 61% for test cases A and 122 B respectively. Overall, the system with deBES+ceBES is a better option than the system with only ceBES for both test cases. Moreover, to make a fair comparison between the "grid-connected" and "off-grid" modes, in reality, we have to consider the connection cost of the AC/DC microgrid to the MV grid in the "grid-connected" mode. For test case A, TOTEX "off-grid" (year 30) -TOTEX "gridconnected" (year 30) = 173.88 k$. If we consider the mean cost of 100 k$/km to build an MV line, then, it corresponds to 1.73 km. Test case A is about 0.7 km from the MV grid (<1.73 km), thus, the connection to the MV grid is more economic than the off-grid system. However, for test case B (island), the difference of the TOTEX ("off-grid" -"grid-connected") is about 131.13 k$ which corresponds to only 1.31 km and the distance from the MV grid is nearly 20 km. Therefore, the "off-grid" system is the best option.

In comparison with the full AC microgrid, we can notice that for both test cases, the hybrid AC/DC is more environmentally-friendly than the full AC option 1, but it is not a good option compared to the full AC option 2 regardless of the cost. The total cost of these 3 structures is competitive (small difference) and can be changed at the time of the market price of PVs, converters, chargers, and conductors. Overall, it does not require any unnecessary conversion stage when the loads are DC for the AC/DC microgrid. However, it also has a high investment cost on converters as well as converters losses.

Foreseen evolution

The total energy losses in test cases A and B, account for 8.3% and 7.73% of the total energy generated in the hybrid AC/DC microgrid due to the efficiency of the chargers and converters (95%). If we consider the 100% efficiency, the total energy losses of the test case A and B could be 2.2% and 1.53% of the total energy in the system which represents only the losses in the DC and AC conductors. These amount of losses in test cases A and B are less than the overall energy losses in Cambodia (about 10%) [11]. Indeed, if we consider the 100% efficiency of the chargers and converters, the total energy purchased from the grid/genset will be reduced by 30% for both test cases A and B. Also, the peak power from the grid/genset of test cases A and B will decrease by 15% and 30%, respectively. In conclusion, the efficiency of the chargers and converters plays an important role in our hybrid AC/DC microgrid.

Conclusion

In this chapter, two real test cases have been used to validate our proposed algorithm. Considering the uncertainty of loads, the ceBES of both test cases changes while the autonomous energy is about 80% per year. The autonomous time is sensitive for test case B. However, it is about 80% for both modes of test case A. Moreover, the CAPEX, OPEX, and TOTEX do not change much for both modes of both test cases. In the regard to the uncertainty of load and the different structures of cases A and B, the LCOE of the grid-connected mode [0.27-0.28 $/kWh] is usually twice cheaper compared with the off-grid mode for both cases. Thus, the grid-connected mode is cost-effective. Indeed, concerning to the environmental issue, the CO2 emission of the off-grid mode is usually more than twice the grid-connected mode (test case A: 6000 kg/year, test case B: 4000 kg/year). So, considering the energy mix in Cambodia, the grid-connected mode is eco-friendly compared to the off-grid mode for both test cases. In conclusion, the grid-connected mode of the hybrid AC/DC microgrid for both test cases is more economic and environmental-friendly than the off-grid mode. Nevertheless, in case the MV grid does not exist or is far away from the unelectrified area, the off-grid microgrid will be the preferred option (test case B is an island and far from the MV grid). Overall, we can notice that for the uncertainty of loads with 1000 simulations, the only significant change concerns the 123 ceBES for test case A (robustness of the proposed algorithm for other KPIs) while for test case B, the autonomous time and the ceBES are changed.

In conclusion, for the proposed algorithm, it works very well with test case A for both modes. However, the autonomous time is very sensitive for test case B in the "grid-connected" mode, the idea of the removal PV process could not be considered to improve the autonomous time. In other word, the capacity of PVs should be a little bigger than the capacity of PVs that we have found. So, the system will be less dependent to the MV grid.
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This thesis covered the long-term planning of the low-voltage hybrid AC/DC microgrid with the integration of distributed generation (PV and BES). The research work proposes an electrification scheme in the context of an increase in distributed energy resources that operate in DC forms like photovoltaics and battery energy storage. Additionally, it could increase the current electrification rate in Cambodia.

Chapter 1 presented the current electrification situation in Cambodia. Also, it introduced a potential decentralized renewable energy source such as solar home systems (SHSs) that could be integrated with the LV distribution system. Some motivations for having the hybrid AC/DC microgrid have been provided in order to attract the attention of researchers who are interested in the development of AC/DC microgrids not only in Cambodia but also in developing countries.

Chapter 2 addresses the current situation of the electrical power sector in Cambodia. In the context of rural electrification and planning in developing countries, the potential and opportunity of the hybrid AC/DC distribution system that is feasible to replace the current traditional AC distribution grid, have been presented. Considering the current and future application of AC/DC distribution systems, the generation such as PVs and BES integrated with the hybrid system will create an AC/DC microgrid that could be less polluting than the traditional AC distribution system. In this regard, the AC/DC microgrid attracts society's attention in the context of climate change.

In Chapter 3, a novel algorithm for a rural low-voltage AC/DC distribution system has been developed. Four proposed methods have been described: Load clustering with K-means, a minimum connection of conductors with a minimum spanning tree, the shortest distance from clusters to poles, and load balancing with mixed-integer linear programming. These four methods try to minimize the length of the conductor and improve the balance of the power consumption between phases. Thus, the optimal AC/DC topology is determined. However, for this chapter, the result is obtained by the stepwise approach, so, there is no insurance for a global optimum. For this planning tool, we considered only the topology and the reinforcement of conductors (AC and DC) with the connection to the MV grid.

In Chapter 4, to integrate the PV and batteries in the hybrid AC/DC distribution system, a general methodology for the sizing and sitting of PVs, and the sizing, sitting, and schedule of batteries (deBES) are presented. It was shown how the power and location of PV are computed and allocated among households with the objective of optimizing local consumption. Thanks to the deBES that store excess energy during the daytime and discharge during the evening. A ceBES is deployed to store the reverse power flow from the LV grid to the MV grid. Two options have been considered: "grid-connected" and "off-grid" modes. The result demonstrated that the "grid-connected" is better than the "off-grid" microgrid in terms of cost and CO2 emissions in the considered case with an autonomous time of 87.5% per year after the deployment of PV and deBES. Therefore, this chapter indicates that villagers cannot access electricity during 12.5% of the year in case the national MV grid is not available.

Chapter 5 aims at comparing the interest of the proposed hybrid AC/DC topologies for different load densities and distribution. The objective is to observe the sensitivity and robustness of the proposed algorithm. Uncertainty on load profiles is applied to the proposed approach. Thus, the novel architecture planning methods with PVs and BESs developed in chapters 3 and 4, are applied to two real cases (rural and islanded areas). The technical and economic comparison between the hybrid AC/DC and full AC microgrid (with two options) has been discussed. As the results of these cases, with regard to the uncertainty of load and the different structures of test cases A and B, the grid-connected mode of the hybrid AC/DC microgrid for both test cases is more economic and environmental-friendly than the off-grid mode even if the autonomous time is sensitive for test case B. Avoiding the removal PV process should be tested to improve the autonomous time. Nevertheless, if the MV network is far from the MV/LV transformer (higher than 1.5 km in the two test cases), the off-grid solution will be less expensive.

Compared with the two options of the full AC microgrid, with the same objective of the optimal capacity of PV, the hybrid AC/DC microgrid is more economic and environmentally 127 friendly than the full AC microgrid option 1. However, for option 2, the full AC microgrid has more economic and eco-friendly benefits than the hybrid AC/DC microgrid since the objective of option 2 is to maximize local consumption and minimize the power losses of the system. Nevertheless, the TOTEX of the full AC option 2 is only about 2% less than the AC/DC one for test case A and 10% less for test case B but requires a huge initial CAPEX (276.15 k$ for test case A and 179,9 k$ for test case B) which is rarely possible in non-electrified countries.

This thesis contributes to the discussion towards a hybrid AC/DC microgrid that could be generally applied in various use cases in developing countries in the context of climate change mitigation. The main contributions can be seen as follows:

• Vision on the challenges and opportunities of the hybrid AC/DC microgrid.

• A novel algorithm of the LV AC/DC distribution system to obtain the optimal architecture in the context of rural electrification in developing countries based on [1] and [2].

• A novel algorithm for sizing and location of PVs, sizing, location, and schedule of the BES for the hybrid AC/DC distribution system based on [3].

• The electrification development of remote and rural areas thanks to the decentralized renewable energy source (PV and BES).

• The interest of the hybrid AC/DC microgrid over the full AC microgrid regarding technical, economic, and environmental aspects.

However, to improve this current research, some recommendations for future work can be provided. In this study, to pack DC loads into clusters, we take into account only the K-means clustering method (centroid-based clustering) to find the optimal topology. Other clustering methods such as Fuzzy C-means, DBSCAN, and hierarchical clustering, should be considered and compared. Indeed, for the K-means clustering, only the coordinates have been used. It should also consider the power of loads to find simultaneously the balance of length and power between clusters. Moreover, at the load-phase balancing stage, the losses of the system should be considered. From these considerations, we can get the global optimal architecture solution. Additionally, in the cost computation of the hybrid AC/DC system, construction and labor costs should be included. Additionally, in this thesis, only renewable energy (PV) is considered. Since Cambodia is also rich in other renewable energies such as small-scale biomass and picohydropower plants, these should be investigated. Besides that, this research focused only on the optimal sizing and schedule of the battery energy storage. In future research, the type of the batteries should be considered as well as their performance such as depth of discharge (DOD), energy density and lifetime. Thus, the comparison between batteries will be known and we can select one among them for a grid-connected with battery energy storage application. Then, the methodology of the sizing and location of decentralized distributed generation (PV and battery) should be further studied. In this study, the uncertainty of loads (continuous uniform distribution) at the beginning of the year, has also been studied to observe the sensitivity and robustness of the proposed algorithm. For a future direction, a discrete uniform distribution of the uncertainty of load should be considered. Another consideration should be the yearly load growth to evaluate the hybrid AC/DC microgrid during a planning study and it also considers at least 2 seasons instead of repeating 365 times of the same daily curve.

In conclusion, the intention of this thesis was to set the first step in the direction of the hybrid AC/DC microgrid in developing countries. Some considerations have been elaborated and can be served as a direction for future research. As we have seen, many opportunities in hybrid AC/DC microgrids can be envisioned in order to increase the electrification rate in developing countries, especially, in remote or rural areas. 131 before the overall performance drops while the energy density is the total energy that can be stored by volume unit.

In a grid-connected with battery energy storage (BES) application, there are four main electrochemical technologies that have been used: Lead-acid, Sodium-sulfur, Redox flow and Lithium-ion batteries. Lead-acid batteries were the first-ever batteries invented that could be recharged by passing a reverse current through it and it was invented by the French physicist Gaston Planté. The oldest type of rechargeable batteries has two main categories: Flooded and sealed batteries. Today, lead-acid batteries are considered a mature technology and widely used in many possible applications, thanks to low costs, low maintenance requirements, and good efficiency [80%-90%]. Despite this, their applications are limited because of potential toxicity of lead, low energy density (20-30 Wh/kg) and weight, and another main drawback is the low cycle-life (up to 2000 cycles). A sodium-sulfur (NaS) battery is a type of rechargeable that is constructed from liquid sodium (Na) and sulfur (S). This type of batteries has a high energy density (150-240 Wh/kg), reasonable efficiency (>80%), and long cycling life (up to 4500 cycles), moreover, its operating temperature can reach about 300 o C. However, it is a little more expensive than the lead-acid and another drawback is that liquid sodium can explode when it contacts with oxygen. Another type of battery is a Redox flow battery or a flow battery which has a bit different function to the other batteries. They consist of two chemical components which are combined and the reaction of oxidation-reduction occurs. Flow batteries can achieve very long cycle life at full depth of discharge (DoD). Nevertheless, flow batteries have a low energy density (15-30 Wh/kg) and efficiency up to 75%. Another type of battery is a lithium-ion (Liion) battery which nowadays is the most of domestic battery available and developed. Li-ion batteries have a composition of the cathode (a lithium metal oxide) and of the anode (typically graphite). This technology has high energy density (90-190 Wh/kg), a long-life time (up to 10000 cycles), and high efficiency that can reach up to 95%. However, it still has a high price due to an expensive chemical material. 

Résumé

Récemment, les appareils fonctionnant en courant continu comme les charges (prises USB, chargeurs, éclairage LED) et les ressources d'énergie distribuées (solaire photovoltaïque et stockage d'énergie par batteries) se sont développés. Pour faire face à ces tendances technologiques, un micro-réseau AC/DC pourrait être une option pour l'électrification rurale dans les pays en développement, en particulier dans les zones éloignées ou rurales. Au Cambodge, le taux d'électrification n'est que d'environ 82% de la population en 2021 en zone rurale. L'objectif de cette thèse est de remettre en question le réseau de distribution AC traditionnel en proposant un nouveau micro-réseau hybride AC/DC dans le contexte de l'électrification des pays en développement. Pour cela, un algorithme permettant de trouver la topologie optimale du réseau basse tension AC/DC a été développé. Deuxièmement, une méthodologie générale pour le dimensionnement et l'emplacement des PVs et des batteries dans le micro-réseau hybride AC/DC est mise en place. Ensuite, les modes « connecté au réseau » et « isolé » du système sont comparés selon plusieurs indicateurs techniques, économiques, et environnementaux. Enfin, la comparaison du micro-réseau AC/DC avec des micro-réseaux entièrement AC a été réalisée sur deux cas d'étude réels (une zone rurale et une zone insulaire) et selon les deux modes possibles (connecté au réseau et isolé). De plus, l'incertitude des charges est également prise en compte afin d'observer la sensibilité et la robustesse de l'algorithme proposé. Les résultats montrent que, bien que le coût global du micro-réseau hybride AC/DC soit sensiblement plus élevé que celui du micro-réseau AC, il permet une électrification progressive évitant ainsi de mobiliser des investissements initiaux importants.
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 21 Figure 2.1 Typical load profile of appliances used in a residential sector [8]. For the commercial sector, load consumption rockets from 8h and declines at 17h (working hour) while load profile in the industrial sector fluctuates during the daytime and remains constant during night time as depicted in Figure 2.2.
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 22 Figure 2.2 Typical load profile in commercial and industrial sectors [8].
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 23 Figure 2.3 Normalized daily load curve [11].
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 24 Figure 2.4 Progress of development of power sources during the past 15 years [12].
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 28 Figure 2.8 CEL 120 MW coal power plant in Preah Sihanouk Province [14].
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 2 Figure 2.10 Hydropower 400 MW-Lower Sesan II [18].
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 2 Figure 2.11 Photovoltaic electricity potential in Cambodia [21].
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 2 Figure 2.12 Photovoltaic electricity potential in France [21].
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 2 Figure 2.14 Angkor Bio Cogen rice husk power plant in Kandal province [27].
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  Figure2.17 Typical AC microgrid with distributed energy source[START_REF] Justo | AC-microgrids versus DC-microgrids with distributed energy resources: A review[END_REF].
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 2 Figure 2.19 The CGCSA and CGDSA of DC microgrid architectures.
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 2 Figure 2.20 The PDA and DGDSA of a DC microgrid architecture
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 2 Figure 2.21 Steung Chrov, Kampong Chhnang, Cambodia [12°21'42.2"N 104°36'10.5"E] ❖ Okra Mesh-grid's structure Okra has two grid structures for electrification: Mini-grids and Mesh-grids (Figure 2.22).Mini-grids are built with a centralized architecture where energy is generated and stored at a single point and then distributed to the farthest households. Mini-grids supply high levels of productive power which makes them suitable for densely populated areas that lack a reliable grid.

Figure 2 .

 2 Figure 2.22 Okra's grid structure: Mini-grids (left-side) vs Mesh-grids (right-side)

Figure 2 .

 2 Figure 2.24 Ambanja city, Diana, Madagascar [13°39'49.0"S 48°27'13.9"E] ❖ Nanoé's nanogrid structure

Figure 2 .

 2 Figure 2.25 shows the structure of Nanoé's nanogrid. It consists of a collective autonomous solar DC power system composed of a solar panel, a lead-acid battery and DC loads (LEDs, USB charger, multimedia). The smart controller and interface (LCD and keypad) are deployed and accessible by costumers via smart phone so that they can pay electricity consumption.

Figure 2 .

 2 Figure 2.25 Schematic of a Nanoé's nanogrid [40].

Figure 2 .

 2 Figure 2.26 Typical AC/DC microgrid structure [41].

Figure 2 .

 2 Figure 2.27 Hybrid AC/DC microgrid architecture classification [41].

Figure 2 .

 2 Figure 2.28 Coupled AC, completely isolated hybrid microgrid configuration.
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 33132 Figure 3.1 and Figure 3.2 show the physical and functional view of the proposed AC/DC distribution system topology. In the cluster, all households are connected via the DC conductors and supplied by the AC three-phase 4-wires main feeders via a single-phase AC/DC converter.
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 533334123 Figure 3.3 Proposed algorithm of an AC/DC microgrid with PVs and BESs by using SADT approach

Figure 3 . 5

 35 Figure 3.5 Proposed methodology of an AC/DC distribution system by using SADT approach.

Figure 3 . 6

 36 Figure 3.6 Electrical poles and DC loads Table 3.1 shows the loads' specifications and the coordinates of electrical poles are provided in Appendix 3-C.

Figure 3 . 8

 38 Figure 3.8 Hierarchical clustering dendrogram: divisive vs agglomerative.

Figure 3 . 9

 39 Figure 3.9 Flowchart of K-means algorithm

Figure 3 .

 3 Figure 3.10 Optimal number of clusters determined by the Elbow method

Figure 3 .

 3 Figure 3.11 Loads packed by K-means clustering technique 3.4 A012 -Building of the DC topology in clusters 3.4.1 Objective

43 K

 43 Figure 3.13 Pseudocode of the shortest path

  𝑝ℎ 𝑘 ≤ 1, ∀𝑝ℎ = 1: 3 & 𝑘 ∈ [1; 𝐾] (3.10) 0 ≤ 𝜀 -(𝑝ℎ) ≤ +∝ , ∀𝑝ℎ = 1: 3 (3.11) 0 ≤ 𝜀 + (𝑝ℎ) ≤ +∝ , ∀𝑝ℎ = 1: 3 (3.12)

Figure 3 .

 3 Figure 3.16 Radial AC/DC low voltage distribution system

Figure 3 .Figure 3 .

 33 Figure 3.17 Cross-sections of DC cables of clusters Figure 3.18 and Figure 3.19 show the AC voltage profile of poles and clusters of the AC cross-section 2.5 mm 2 and 4 mm 2 . With the cross-section of 2.5 mm² of AC main feeders, only the voltage of clusters 1 and 2 respect the voltage constraint of the low voltage system regulation [0.90 pu, 1.06 pu]. However, when we increase the AC cross-section to 4 mm 2 , the voltage of all clusters does not violate the voltage constraint. The lowest voltage is 0.901 pu which is on the pole 8.

Figure 3 .48Figure 3 .

 33 Figure 3.18 AC voltage profiles of poles and clusters of the AC cross-section 2.5 mm 2

Figure 3 .

 3 Figure 3.20 DC voltage profile of clusters with a box plot

  Figure 4.1 shows the physical view of the proposed AC/DC microgrid structure with PVs and BES. At the DC level, in a cluster, we add PVs with Maximum Power Point Tracker (MPPT) and a deBES associated with a DC/DC charger1 . The PVs-MPPT are connected with some loads while the deBES-charger is connected directly to the AC pole through a bi-directional AC/DC converter (bi-AC/DC). Both DC/DC chargers and AC/DC converters have a specific efficiency based on its manufacturer. On the AC level, a centralized battery energy storage (ceBES) equipped with a bidirectional inverter (bi-inverter) and a genset (option "off-grid mode") or an MV/LV transformer (option "grid-connected mode") is located at the position of a future point of connection to the MV network.
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 41 Figure 4.1 Physical view of the proposed AC/DC microgrid with PVs and BESs

Figure 4 . 6 . 1 Step 2 A01. 1 Figure 4 . 2 PV allocation algorithm in clusters Chapter 4 K

 46121424 Figure 4.2 shows the SADT details of block A02. The user decides the value of the PV unitary nominal power, PPV (input 7 in Figure 4.2).

Figure 4 . 3

 43 Figure 4.3 PV allocation in clusters for the first step (block A021 to A023 in Figure 4.2)

Figure 4 . 4

 44 Figure 4.4 Flowchart of the new number and location of PVs calculation

Figure 4 . 5

 45 Figure 4.5 PVs location of an AC/DC microgrid of the first step

Figure 4 . 6 (

 46 right-side) shows the ratio of the energy of PVs and loads over a year of the second step. The total energy produced by PVs of all clusters is less than the energy required by loads.

Figure 4 . 62 Figure 4 . 6 Figure 4 . 7

 4624647 Figure 4.6 Radio of the energy of PVs and loads over a year of the first step (left-side) and the second step (right-side)

Figure 4 . 8 Figure 4 . 9

 4849 Figure 4.8 Power of all clusters over a day

Figure 4 .

 4 Figure 4.10 shows the deBES sizing algorithm which consists of three main steps: the computation of the yearly power curve of the deBES (block A031), the computation of the installed power of deBES (block A032) and the computation of the deBES capacity (block A033).

Figure 4 .10 deBES sizing algorithm 4 . 4 . 3 . 1 Figure 4 .

 444314 Figure 4.10 deBES sizing algorithm 4.4.3.1 Block A031: yearly power deBES computation Figure 4.11 shows the algorithm for the computation of the yearly power curve of the deBES. After having computed the sizing and location of PV and the 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 (h) for a complete day in the previous section (A02), in this section, the yearly power of deBES 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 will be calculated. The deBES and the DC/DC charger are placed at the same location as the bidirectional AC/DC converter as depicted in Figure 4.1. The power output of the DC/DC charger 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ) is equal to 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 (h) with the efficiency of the DC/DC charger 𝜂 𝐷𝐶/𝐷𝐶 . So, we get the yearly 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ) curve. With this curve, we compute the daily energy of the DC/DC charger, 𝐸 𝐷𝐶/𝐷𝐶_𝑘 in each cluster. With the value of 𝐸 𝐷𝐶/𝐷𝐶_𝑘 at the end of the day, we calculate the power of deBES, 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ) . If the energy at the end of the day, 𝐸 𝐷𝐶/𝐷𝐶_𝑘 (ℎ = 24), is equal to zero then 𝑃 𝑑𝑒𝐵𝐸𝑆 (ℎ) = 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ). Otherwise, we have: { 𝑃 𝑑𝑒𝐵𝐸𝑆 (ℎ = 24 (𝑑 ) + 2 + 24 (𝑑 )) = 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ = 24 (𝑑 ) + 2 + 24 (𝑑 )) 𝑃 𝑑𝑒𝐵𝐸𝑆 (ℎ = 24 𝑑) = 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ = 24 𝑑)

Figure 4 .Figure 4 .

 44 Figure 4.11 Flowchart of the deBES schedule in each cluster 4.4.3.2 Block A032-A033: power and capacity of deBES computation From equation (1) of Figure 4.11, the minimum power of the DC/DC charger in each cluster is given by: 𝑃 𝐷𝐶/𝐷𝐶_𝑘_𝑚𝑖𝑛 = m x ℎ |𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ)| (4.1)
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 4 Figure 4.12 Location of deBES and DC/DC chargers in the AC/DC microgrid Table 4.2 Power of DC/DC charger and capacity of deBES in clusters

Figure 4 .Figure 4 .

 44 Figure 4.13 Power of the deBES in clusters over a day

Figure 4 .

 4 Figure 4.15 and Figure4.16 show the power and cumulative sum of energy provided by the AC grid for each cluster. We notice that the power of the slack bus is negative at some moments showing that clusters need energy in addition to the energy provided by the deBES. For cluster 3, it delivers the energy to the AC LV grid. However, the AC LV grid delivers energy to all clusters as expected.

Figure 4 . 4 K

 44 Figure 4.15 Power of the slack bus in clusters over a day
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 3 Genset sizing (𝑃 𝐷 )and energy (𝐸 𝐷 ) for ''off-grid'' mode A04.2 Energy purchased from the MV grid (𝐸 𝑔𝑟𝑖𝑑 ) for ''grid-connected'' mode 12. Technology of ceBES 13. Microgrid management mode A04.1 ceBES installed power (𝑃 𝑐𝑒𝐵𝐸𝑆_𝑚𝑎𝑥 ) and capacity (𝐶 𝑐𝑒𝐵𝐸𝑆_ ) A041: AC load flow A042: Yearly 𝑃 𝑐𝑒𝐵𝐸𝑆 , 𝑃 𝑔𝑟𝑖𝑑 / 𝑃 𝐷 computation: 𝑎𝑟 𝑃 𝑠𝑙𝑎𝑐𝑘_𝐴𝐶 A043: Maximum power and capacity of ceBES computation 𝑃 𝑐𝑒𝐵𝐸𝑆 𝑃 𝑔𝑟𝑖𝑑 / 𝑃 𝐷 A044: Energy and genset computation A03.1 deBES installed power(𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 ) A03.3 𝑃 𝑆𝑙𝑎𝑐𝑘_𝐷𝐶 𝑛 𝑡 𝑟 𝑘

Figure 4 .Figure 4 .

 44 Figure 4.17 Sizing of ceBES, genset and MV/LV transformer regarding the connection options4.5.2 Sizing and operation of the ceBES descriptionSince the location and size of PVs and deBES have been previously found, an unbalanced AC load flow of the system is performed by using the annual load curve, and the yearly PV curve from HOMER as depicted in Figure4.18.Input data: Yearly Pslack_DC and PdeBES in clusters k, efficiency of converter

Figure 4 . 4 K

 44 Figure 4.19 Yearly ceBES schedule algorithm

  .20 and Figure 4.21).

Figure 4 .

 4 Figure 4.20 Power of AC slack bus, grid/genset and ceBES over a day

Figure 4 .

 4 Figure 4.21 Cumulative energy of AC slack bus, grid/genset and ceBES over a day

Figure 4 .

 4 Figure 4.22 indicates the energy of the different elements of the AC/DC microgrid. We notice that the energy losses of the DC/DC chargers take almost 50% of the total energy losses of the system.

Figure 4 .

 4 Figure 4.22 Energy losses by elements of the AC/DC microgrid

Figure 4 .Figure 4 .

 44 Figure 4.23 shows the share of the energy production per types of sources in the AC/DC microgrid. The energy from the grid/genset is about 2.83 MWh while the energy from the PVs, deBESs and ceBES are about 6.67 MWh, 9.12 MWh and 65.67 kWh respectively. The energy from PV is the energy directly used by loads. PVs, deBESs and ceBES account for about 85% of all energy production.

  of the study (T) 13. Microgrid management mode 15. Economic data A02.1 PV numbers (𝑁 𝑘 𝑃𝑉 ) A03.1 deBES installed power(𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 ) A04.1 ceBES installed power (𝑃 𝑐𝑒𝐵𝐸𝑆_𝑚𝑎𝑥 ) and capacity (𝐶 𝑐𝑒𝐵𝐸𝑆_ ) A052: cost: Off-grid & genset+ceBES A04.3 Genset sizing (𝑃 𝐷 )and energy (𝐸 𝐷 , 𝐸 𝐷 _𝑐𝑒𝐵𝐸𝑆 ) A04.2 Energy purchased from the MV grid (𝐸 𝑔𝑟𝑖𝑑 , 𝐸 𝑔𝑟𝑖𝑑_𝑐𝑒𝐵𝐸𝑆 ) A05.1 Off-grid TOTEX A05.2 Grid-connected TOTEX A03.2 deBES installed capacity (𝐶 𝑑𝑒𝐵𝐸𝑆_𝑘 ) A01.5 DC conductor size A01.7 AC conductor size A05.3 Autonomous time and energy A05.4 LCOE A05.5 CO2 emissions
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 4 Figure 4.24 SADT of the KPIs of the AC/DC microgrid

Figure 4 .

 4 Figure 4.25 CAPEX per components of the AC/DC microgrid at the initial year Table 4.6 CAPEX of the components of the AC/DC microgrid
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 44 Figure 4.26 CAPEX of the AC/DC microgrid over planning period

Figure 5 . 2

 52 Figure 5.2 Optimal number of clusters selection by the Elbow method Figure 5.3 shows the radial topology of hybrid AC/DC microgrid. 11 AC/DC converters are needed to supply the DC loads in clusters. Then, DC structure of each cluster is obtained by performing the MST as described in the previous chapters. The shortest path algorithm connects clusters to poles and the total length of DC conductor is 5361 m. The MILP allocated each cluster to one phase. The power consumption of each phase is almost balanced (𝑃 𝐴 = 16.02 𝑘𝑊, 𝑃 𝐵 = 16.06 𝑘𝑊, 𝑃 𝐶 = 16.03 𝑘𝑊). Table5.1 provides the results of simulation of test case A. The total peak power losses (at 19h) of the system are 5.10 kW (about 12% of the power demand of the system). The total power losses include the AC power losses of 3.84 kW and the DC power losses of 1.26 kW. We noticed that the DC power losses are lower than the AC losses for the reason that, there are a small amount of power in each DC cluster that leads to DC power losses when the DC load flow is performed. In addition, the length of DC conductors in each cluster is shorter than the AC main feeders, thus, the losses in the DC grid is less than the AC grid.
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 53 Figure 5.3 Radial hybrid AC/DC low voltage distribution system Table 5.1 Simulation results of test case A Variables Value Total load peak power 43 kW Number of clusters 11 Number of AC/DC converters 11 Total length of AC conductors 2809 m Length of AC conductors: A, B, C, and N 812 m, 613 m, 572 m, 812 m The cross-section of the AC conductor (3ph+neutral) 50 mm 2

Figure 5 . 4

 54 Figure 5.4 Cross-section of DC cables of clusters Figure 5.5 shows the AC voltage profile of poles and clusters of the AC/DC microgrid. By increasing the cross-section of AC main feeders from 35 mm 2 to 50 mm 2 , voltage at all buses remains within the admissible limits. We notice that the voltage of cluster 11 is the lowest voltage among clusters. However, its value is 0.91 pu and does not violate the voltage constraints [0.90 pu, 1.06 pu].
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 55565 Figure 5.5 AC voltage profile of poles and clusters with AC conductor 50 mm2Figure5.6 shows the percentage of voltage deviation over one day, with a step time of one hour, inside each cluster. All DC load voltages were classified by clusters. We notice that voltage of cluster 10 is the lowest among clusters because, for this cluster, the length is 713 m which is longer than other clusters which has the same cross-section of DC cable.
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 585 Figure 5.8 Ratio of the energy produced by the PVs and the energy consumed by loads for each cluster over a year
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 555 Figure 5.11 Power of the deBES in clusters over a day
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 55 Figure 5.13 Power of the slack bus in clusters over a day
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 55 Figure 5.15 Power of AC slack bus, grid/genset and ceBES over a day

Figure 5 .

 5 Figure 5.19 CAPEX per components of the hybrid AC/DC microgrid at the initial year

Figure 5 . 20 ,

 520 Figure 5.20, Figure 5.21 and Figure 5.22 show the cumulative cost (CAPEX, OPEX and TOTEX) of the grid-connected and off-grid AC/DC microgrid over planning period (30 years).Remarkably, the CAPEX of every 5 years increases slightly. It is due to the replacement cost of the deBES. Furthermore, in the year 15, the CAPEX rockets sharply. It is because of the replacement of the bi-directional AC/DC converter and DC/DC charger. As we see that about 20% of the energy needed is purchased by the MV grid (electricity) or provided by the genset (fuel) and the price of electricity (0.27 $/kWh) is half of the fuel cost for the generator (0.495 $/kWh), thus, for the OPEX, the grid-connected system increases slightly while the off-grid system grows rapidly. Totally, the TOTEX of the grid-connected is just over 300 k$ (about 2/3 of the off-grid system) at the end of planning year.
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 55 Figure 5.20 CAPEX of the AC/DC microgrid over planning period

Figure 5 .

 5 Figure 5.23 Variation of a load curve with an interval of [-50%, +50%]

Figure 5 .

 5 Figure 5.27 Test case B: Inn the village, Sangkatvillage, Koh Rong, Preah Sihanouk, Cambodia [10°42'43.1"N 103°18'36.7"E].
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 55 Figure 5.28 Electrical poles and DC loads of test case B

5. 3 . 3 5 . 3 . 3 . 1 Figure 5 .

 3353315 Figure 5.29 shows the percentage of the variance as a function of the number of clusters.With the application of the K-means clustering technique on the DC loads, it can be seen that the optimal number of clusters is K=8 using the Elbow method[8].
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 55 Figure 5.29 Optimal number of cluster's selection by the Elbow method Figure 5.30 shows the radial topology of hybrid AC/DC microgrid for test case B. For 8 DC clusters, 8 AC/DC converters are needed to supply the DC loads in clusters.Next, the MST is performed to get the DC structure of each cluster. And then, all clusters are connected to electrical poles by using the shortest path algorithm. As the result, the total length of the DC conductor is 2425 m. After that, each cluster is connected to one phase by using the MILP. Finally, the AC three-phase power flow is performed. To respect the voltage constraints, the cross-section of the AC conductor is increased from 16 mm 2 to 25 mm 2 . Table5.9 provides the results of test case B. We can notice that the power of each phase is nearly balanced (𝑃 𝐴 = 11.15 𝑘𝑊, 𝑃 𝐵 = 10.78 𝑘𝑊, 𝑃 𝐶 = 10.97 𝑘𝑊). The total peak losses of the system are 3.38 kW (about 11% of the total power consumption of the system) which is nearly the same as test case A (12%). The power losses include the AC power losses of 2.80 kW and the DC power losses of 0.58 kW.

Figure 5 .

 5 Figure 5.30 Radial hybrid AC/DC low voltage distribution system of test case B

Figure 5 .

 5 Figure 5.31 Cross-section of DC cables of clusters Moreover, Figure5.32 shows the AC voltage profile of poles and clusters of the hybrid AC/DC microgrid. We notice that from pole 6 to 8, the voltage of phase B and C remain constant while the voltage of phase A declines slightly. It is because there are no loads on the pole 7 and 8, and the pole 8 is the one of last electrical pole of the system. Indeed, the voltage of cluster 8 on the phase A is the lowest voltage (0.918 pu) which respects the voltage constraint.

Figure 5 .

 5 Figure 5.32 AC voltage profile of poles and clusters for AC conductor 25 mm2

Figure 5 .

 5 Figure 5.33 DC voltage profile of clusters with a box plot for a test case B5.3.3.2 AC/DC microgrid integrated with PV and BESAs a result of computation, the hybrid AC/DC microgrid with PV and BES for a test case B is depicted in Figure5.34.

Figure 5 .

 5 Figure 5.34 Hybrid AC/DC microgrid integrated with PV and BES Figure 5.34 illustrates the location of PVs and deBESs on the hybrid AC/DC microgrid of test case B. The power of PV per unit 𝑃 𝑃𝑉𝑚𝑎𝑥 is 0.43 kW. For 73 households, only 38 PVs have been installed (about 50% of houses as for test case A) and 7 deBESs and 7 DC/DC chargers
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 55 Figure 5.35 Radio of the energy of PVs and loads over a year
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 555 Figure 5.38 Power of the deBES in clusters over a day
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 55 Figure 5.40 Power of the slack bus in clusters over a day

Figure 5 .

 5 Figure 5.42 Power of AC slack bus, grid/genset and ceBES over a day

Figure 5 .

 5 Figure 5.44 Energy losses by elements of the hybrid AC/DC microgrid

Figure 5 .

 5 Figure 5.45 Energy generated in the hybrid AC/DC microgrid Table5.12 indicates the annual energy and total energy losses of the microgrid for test case B. The peak power from the grid/genset is 14.80 kW which is about 50% of peak power consumption (the same as test case A). The energy purchased from the grid/genset is 10.25 MWh which is about 19% of the total energy in the system (little less than test case A: 20%). Also, the total energy losses of the system take 4.15 MWh which accounts for 7.73% of the total energy generated in the system (little less than test case A: 8.3%). These energy losses are due to the efficiency of the chargers and converters (95%). If we consider a 100% efficiency, the total energy losses could be 0.82 MWh (1.53% of the total energy generated in the system) which account for only the losses in the DC and AC conductors.
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 55 Figure 5.47 CAPEX of the hybrid AC/DC microgrid over planning period
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 55 Figure 5.50 Sensitivity analysis of the KPIs for the grid-connected mode of test case B

Figure 5 .

 5 Figure 5.52 Sensitivity analysis of the KPIs for the off-grid mode of test case B

Figure 5 .

 5 Figure 5.53 Number of households per cluster of test cases A and B.

Figure 5 .

 5 Figure 5.54 shows the total length of conductor per cluster of test cases A and B. Since, there are more loads in the clusters for test case A compared to test case B, the total length of conductor per cluster in test case A is greater than test case B.
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 5 Figure 5.54 Total length of conductor per cluster of test cases A and B.

Figure 2 -

 2 C illustrates the performances of different electrochemical battery technologies.

Figure 2 -

 2 Figure 2-C Performances of different electrochemical battery technologies.

  Many Li-ion technologies exist: Lithium cobalt oxidebased (LiCoO2), Lithium man-ganese oxide-based (LiMn2O4), Lithium nickel oxide-based (LiNiO2), Lithium nickel cobalt aluminium oxide-based (LiNiCoAlO2), Lithium nickel manganese oxide-based cobalt (LiNiMnCoO2), Lithium titanate oxide-based (Li24Ti5O12), and Lithium iron phosphate-based (LiFePO4 or LFP).
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	𝐹(𝑘)	Objective function of cluster 𝑘
	𝐸	Edge of the graph
	𝑉	Vertice of the graph
	𝑊	Weigh of the graph

Khon, V. Vai, M.-C. Alvarez-Herault, L. Bun and B. Raison, "Planning of Low Voltage AC/DC Microgrid for Un-electrified Areas,"

Table 3 .1 Loads specification

 3 

	No.	Coordinates Xn (m) Yn (m)	Pn (kW)	No.	Coordinates Xn (m) Yn (m)	Pn (kW)
	1	15	50	0.296	14	25	0.398
	2	25	60	0.360	15	15	0.443
	3	15	70	0.420	16	25	0.489
	4	20	80	0.296	17	15	0.296
	5	15	90	0.360	18	20	0.421
	6	25	100	0.420	19	-15	0.390
	7	-15	110	0.365	20	-25	0.455
	8	-20	120	0.376	21	-25	0.434
	9	-20	130	0.372	22	-20	0.385
	10	-25	140	0.399	23	-15	0.415
	11	-15	150	0.398	24	-25	0.417
	12	15	160	0.443	25	-15	0.361
	13	20	170	0.489	26	-15	0.355

K. KHON, ITC-UGA 38 3.

3 A011 -Building of DC clusters 3.3.1 Objective

  

Table 3 .

 3 2 Distance and power losses of loads in cluster 3

	.2.

Table 3 .

 3 3 The summary of the results of the simulation

	Variables	Value
	Total peak power loads	10.25 kW
	Number of clusters	4
	Number of AC/DC converters	4
	Total length of AC conductors	880 m
	Length of AC conductors: A, B, C, and N	120 m, 200 m, 280 m, 280 m
	The cross-section of the AC conductor*4	4 mm 2
	Total length of DC conductors	692 m
	Total peak power losses (AC+DC)	1.19 kW
	Power phase A	4.52 kW
	Power phase B	3.34 kW
	Power phase C	3.59 kW
	Total peak power from the MV/LV grid	11.44 kW
	Furthermore, Figure	

  Power of the deBES in cluster k at time h [kW] 𝑃 𝑐𝑒𝐵𝐸𝑆 Power of the ceBES [kW] 𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 Power at the MV/LV substation or genset [kW] 𝑃 𝐷𝐶/𝐷𝐶_𝑘 (ℎ) Power of the DC/DC charger in cluster k at time h [kW] 𝑃 𝑃𝑉_𝑚𝑖𝑛 minimum installed power of one PV unit [kW] 𝑃 𝑃𝑉 normalized installed power of one PV unit [kW] 𝑃 𝑒𝑞_𝑘,𝑗 (ℎ) Difference of the instantaneous power of loads 𝑗 and PVs at hour h [kW] 𝑃𝑉 𝑐𝑢𝑟𝑣𝑒 Yearly PV curve (in per units) 𝑃 𝐷𝐶/𝐷𝐶_𝑘_𝑚𝑖𝑛 (ℎ) Instantaneous minimum power of DC/DC chargers at hour h [kW] 𝑃 𝐷𝐶/𝐷𝐶_𝑙𝑜𝑠𝑠_𝑘 (ℎ) Instantaneous power losses of DC/DC chargers at hour h [kW] 𝑃 𝑙𝑜𝑎𝑑 (ℎ, 𝑡) Total power consumed by loads of the grid at time ℎ and year 𝑡 [kW] 𝑃 𝑆𝑙𝑎𝑐𝑘_𝐷𝐶_𝑘 (ℎ) Power output of cluster k at time ℎ [kW] 𝑃 𝑆𝑙𝑎𝑐𝑘_𝐴𝐶 (ℎ) Power at the slack bus (MV/LV substation) at time ℎ [kW] 𝜂 𝐷𝐶/𝐷𝐶 Efficiency of the DC/DC charger [%] 𝜂 𝐴𝐶/𝐷𝐶 Efficiency of the bi-directional AC/DC converter and inverter [%]

	𝑃 𝑘 𝑃𝑉	Power of PVs installed in cluster k [kW]
	𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 Indexes: 𝑑 𝑃 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ)	Installed power of the deBES in cluster k [kW] Index of days
	ℎ	Index of hours
	𝑗	Index of loads in clusters
	𝑘	Index of clusters
	𝑛	Index of loads of the system
	𝑝	Index of electrical poles of the system
	𝑡	Index of planning years
	Parameters:	
	𝑁	Number of loads of the system
	𝑁 𝑃	Number of electrical poles of the system
	𝑃 𝑡𝑜𝑡𝑎𝑙	Total peak power of the system [kW]
	𝑃 𝑛	Peak power of load 𝑛 [kW]
	𝑃 𝑃𝑉	PV unitary nominal power [kW]
	𝑟	Discount rate [%]
	SOCmin	Minimal State of Charge of the deBES and ceBES [%]
	𝑇	Planning period [year]
	[𝑋 𝑛 , 𝑌 𝑛 ]	Coordinates of load 𝑛 [m]
	[𝑋 𝑝 , 𝑌 𝑝 ]	Coordinates of pole 𝑝 [m]
	Variables:	
	𝐶 𝑐𝑎𝑏𝑙𝑒	Cost of the AC and DC cable [k$]
	𝐶 𝑃𝑉	Cost of the PV panel [k$]
	𝐶 𝑔𝑒𝑛𝑠𝑒𝑡/𝑡𝑟𝑎𝑛𝑠𝑓𝑜	Cost of the genset or transformer [k$]
	𝐶 𝐷𝐶/𝐷𝐶	Cost of the DC/DC charger [k$]
	𝐶 𝐴𝐶/𝐷𝐶	Cost of the bi-directional AC/DC converter [k$]
	𝐶 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟	Cost of the bi-directional inverter [k$]
	𝐶 𝐵𝐸𝑆	Cost of the BES [k$]
	𝐶 𝑒𝑙𝑒𝑐𝑡/𝑔𝑒𝑛𝑠𝑒𝑡	Price of electricity or fuel for the genset [$/kWh]
	𝐶 𝑚𝑎𝑖𝑛𝑡	O&M cost of PV, BES, DC/DC charger, bi-AC/DC and genset [k$]
	𝐶𝐿(𝑛)	Cluster number of load n
	𝐶 𝑑𝑒𝐵𝐸𝑆𝑚𝑎𝑥_𝑘	Installed capacity of the deBES of cluster k [kWh]
	𝐶 𝑐𝑒𝐵𝐸𝑆	Capacity of ceBES [kWh]
	𝐷 𝑘	Distance from the pole of cluster k to load j [m]
	𝐸 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘	Energy of cluster k [kWh]
	𝐸 𝑑𝑒𝐵𝐸𝑆_𝑘 (ℎ 𝑜𝑟 𝑑) Energy of deBES in cluster k at time h or at day d [kWh]
	𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡	Energy purchased from the MV grid ("grid-connected mode") or energy
		provided by the genset ("off-grid mode") [kWh]
	𝐸 𝑔𝑟𝑖𝑑_𝑐𝑒𝐵𝐸𝑆	Energy purchased from the ceBES ("off-grid mode") [kWh]
	𝐾	Number of clusters
	𝐿𝑜𝑎𝑑 𝑐𝑢𝑟𝑣𝑒	Yearly load curve (in per units)
	𝑁 𝑘 𝑃𝑉 𝑁 𝑘 𝑁 𝑇𝑜𝑡𝑎𝑙 𝑃𝑉	Number of loads in cluster k Number of PVs installed in cluster k Total number of PVs installed in the system
	𝑃 𝑘 𝑙𝑜𝑠𝑠 𝑃 𝑘 𝑃 𝑘,ℎ 𝑙𝑜𝑠𝑠	Total power of cluster k [kW] Total power losses of cluster k [kW] Power losses of cluster k with PV at time h [kW]
	𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑘 (ℎ)	Power of cluster k with PV (including DC losses) at time h [kW]
		55

Table 4 .

 4 1 shows the number and power of PVs installed in each cluster for the first and second step.

Table 4 .

 4 1 Number of PVs installed in clusters after the first and second step

				PV allocation (1 st step) PV allocations (2 nd step)
	Cluster	Number of	Total power	Number	Total power	Number	Total power of
	No.	households	of loads [kW]	of PVs	of PVs [kW]	of PVs	PVs [kW]
	1	6	2.15	5	2.15	2	0.86
	2	5	1.91	4	1.72	2	0.86
	3	7	2.98	6	2.58	6	2.58
	4	8	3.21	7	3.01	4	1.72
	Figure					

Table 4 .

 4 2 Power of DC/DC charger and capacity of deBES in clusters

		Total	Total	DC/DC charger	AC/DC converter	Capacity of
	Cluster	power	power	power [kW]		[kW]	deBES [kWh]
	No.	of loads [kW]	of PVs [kW]		Standard value [16]		Standard value [16]		Standard value [16]
	1	2.15	0.86	1.90	2.16	1.91	2.5	3.45	3.9
	2	1.91	0.86	1.69	2.16	1.69	1.8	3.98	5.2
	3	2.98	2.58	5.65	5.76	0.01	1.2	17.69	18.2
	4	3.21	1.72	3.39	5.76	1.64	1.8	9.35	10.4
	Figure								

Table 4 .

 4 3 Summary of the simulation results of the AC/DC microgrid.

	Parameters	Value (standard value [16])
	Number of PVs	14
	Number of deBESs	4
	Number of DC/DC chargers	4
	Number of bi-directional AC/DC converters	4
	Number of bi-directional inverters (ceBES)	1
	𝑃 𝑃𝑉𝑚𝑎𝑥 (kW) /unit	0.43
	Total 𝑃 𝑑𝑒𝐵𝐸𝑆 for 4 clusters (kW)	12.63
	Total 𝐶 𝑑𝑒𝐵𝐸𝑆 for 4 clusters (kWh)	34.47(37.70)
	Total 𝑃 𝐷𝐶/𝐷𝐶 charger for 4 clusters (kW)	12.63(15.84)
	Total 𝑃 𝐴𝐶/𝐷𝐶 converter for 4 clusters (kW)	5.24(7.30)
	𝑃 𝑐𝑒𝐵𝐸𝑆 (kW)	0.18
	𝐶 𝑐𝑒𝐵𝐸𝑆 (kWh)	0.22(1.3)
	𝑃 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (kW)	0.18(1.2)
	𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (kW)	5.73(15)
	𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (MWh)	2.76

Table 4 .

 4 4 Power and annual energy of the AC/DC microgrid

	Active peak power from the MV grid (kW)	5.73
	Energy purchased from the grid/genset (MWh/year)	2.83
	Energy losses (MWh/year)	2.05

  𝑐𝑎𝑏𝑙𝑒 + 𝐶 𝑃𝑉 + 𝐶 𝑔𝑒𝑛𝑠𝑒𝑡/𝑡𝑟𝑎𝑛𝑠𝑓𝑜 + 𝐶 𝐷𝐶/𝐷𝐶 + 𝐶 𝐴𝐶/𝐷𝐶 + 𝐶 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

	+ 𝐶 𝐵𝐸𝑆 +	𝐶 𝐷𝐶/𝐷𝐶 + 𝐶 𝐴𝐶/𝐷𝐶 + 𝐶 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ( + 𝑟) 5	+	𝑖	5	( + 𝑟) 5 𝑖 𝐶 𝐵𝐸𝑆	(4.7)

Table 4 .

 4 5 Economic parameters of all elements of the AC/DC microgrid.

	Items	Capital or replacement cost	O&M cost per year	Lifetime (year)
	Planning period T (years)	30	NA	NA
	Discount rate r (%) [19]	6	NA	NA
	Electrical cost ($/kWh) [19]	0.27	NA	NA
	PV panel (k$/kW) [19]	0.6	0.0115	30
	deBES or ceBES (k$/kWh) [19]	0.105	0.0115	5
	DC/DC charger (k$/kW)			
	Bi-directional AC/DC converter (k$/kW)	1.155	0.01	15

Table 4 .

 4 

	6 CAPEX of the components of the AC/DC microgrid	
	DC cable cost (k$)	1.24
	AC cable cost (k$)	1.69
	PV cost (k$)	3.61
	deBES cost (k$)	3.62
	DC/DC charger cost (k$)	18.3
	Bi-AC/DC converter cost (k$)	8.43

Table 4 .

 4 7 Key performance indicators of the AC/DC microgrid ('grid-connected' vs 'off-grid').

		Grid-connected	Off-grid	
		(PV+BES+grid)	(PV+BES+genset)
		Initial year	Year 30	Initial year	Year 30
	CAPEX (k$)	39.61	60.63	46.25	67.27
	OPEX(k$)	1.50	22.12	6.66	98.35
	TOTEX(k$)	41.11	82.75	51.91	165.62
	LCOE ($/kWh)		0.30		0.61
	Autonomous time (%/year)		87.50		100
	Autonomous energy (%/year)		84.97		100
	CO2 emissions (kg/year)		1171		2569
	Table				

Table 5 .

 5 2.Furthermore, 11 deBESs and DC/DC chargers are installed next to the AC/DC converters.

Table 5 .

 5 2 Number of PVs in clusters

	Cluster No.	Number of households	Total power of loads [kW]	Number of PVs installed	Total power of PVs [kW]
	1	9	3.37	4	1.72
	2	6	2.31	3	1.29
	3	4	1.59	2	0.86
	4	7	2.65	3	1.29
	5	13	5.54	8	3.44
	6	12	4.70	6	2.58
	7	10	4.13	5	2.15
	8	11	4.71	6	2.58
	9	12	4.73	6	2.58
	10	10	3.98	5	2.15
	11	13	5.29	7	3.01
	Total	107	43	55	23.65

Table 5 .

 5 3 shows the results of the hybrid AC/DC microgrid. With 11 clusters, we have the same 11 number of deBES, DC/DC chargers and bi-directional AC/DC converters which are next to electrical poles. There is no ceBES so, we do not have a bi-directional inverter. The energy produced by the MV grid or genset is about 15.85 MWh and the size of the genset is 25 kW.
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Table 5 .

 5 3 Simulation results of the hybrid AC/DC microgrid integrated with PV and BES

	Parameters	Value (standard value [9])
	Number of PVs	55
	Number of deBESs	11
	Number of DC/DC chargers	11
	Number of bi-directional AC/DC converters	11
	Number of bi-directional inverters	0
	𝑃 𝑃𝑉𝑚𝑎𝑥 (kW)/unit	0.43
	Total 𝑃 𝑑𝑒𝐵𝐸𝑆 for 11 clusters (kW)	45.38
	Total 𝐶 𝑑𝑒𝐵𝐸𝑆 for 11 clusters (kWh)	128.57(136.5)
	Total 𝑃 𝐷𝐶/𝐷𝐶 charger for 11 clusters (kW)	45.38(51.60)
	Total 𝑃 𝐴𝐶/𝐷𝐶 converter for 11 clusters (kW)	23.22(25.90)
	𝐶 𝑐𝑒𝐵𝐸𝑆 (kWh)	0
	𝑃 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (kW)	0
	𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (kW)	21.64(25)
	𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (MWh)	

Table 5 .

 5 5 CAPEX of the components of the hybrid AC/DC microgrid at the initial year

	DC cable cost (k$)	19.75
	AC cable cost (k$)	20.93
	PV cost (k$)	14.19
	deBES cost (k$)	10.24
	DC/DC charger cost (k$)	59.60
	Bi-AC/DC converter cost (k$)	29.91

Table 5 .

 5 6 Key performance indicators of the AC/DC microgrid ('grid-connected' vs 'off-grid').

		Grid-connected	Off-grid
		(PV+BES+grid)	(PV+BES+genset)
		Initial year	Year 30	Initial year	Year 30
	CAPEX (k$)	156.62	217.18	167.12	227.68
	OPEX(k$)	6.45	95.19	17.51	258.57
	TOTEX(k$)	163.07	312.37	184.63	486.25
	LCOE ($/kWh)		0.27		0.42
	Autonomous time (%/year)		80.19		100
	Autonomous energy (%/year)		79.85		100
	CO2 emissions (kg/year)		6719		14737

Table 5 . 6
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Table 5 .

 5 7 Sensitivity analysis of the KPIs with the uncertainty of load consumption

		Original	Mean		Standard deviation
		Grid-	Off-	Grid-	Off-	Grid-	Off-
		connected	grid	connected	grid	connected	grid
	Active peak power						
	from the MV grid	21.64		21.73		0.87	
	(kW)						
	Energy purchased						
	from the grid/genset	15.85		15.83		0.610	
	(MWh/year)						
	Total energy losses (MWh/year)	6.53		6.76		0.058	
	Autonomous time (%/year)	80.19		83.70		4.76	
	Autonomous energy (%/year)	79.85		79.87		0.62	
	CeBES (kWh)	0		5.17		1.57	
	CAPEX (k$)	217.18	217.18	220.38	231.42	0.37	0.54
	OPEX (k$)	95.19	258.57	95.14	258.48	2.43	4.46
	TOTEX (k$)	312.37	486.25	315.52	489.90	2.36	4.35
	LCOE ($/kWh)	0.2725	0.4242	0.2752	0.4273	0.0021	0.0038
	CO2 emissions (kg/year)	6719	14737	6036	13239	353	775

Table 5 .

 5 8 Comparison: Hybrid AC/DC vs Full AC (option 1) vs Full AC (option 2)

		Hybrid AC/DC	Full AC Option 1	Full AC Option 2
	Total load peak power	43 kW		43kW
	Number of PVs	55		51
	Number of deBESs	11		51
	Number of DC/DC chargers	11		52
	Number of bi-directional AC/DC converters	11		1
	𝑃 𝑃𝑉𝑚𝑎𝑥 (kW)/unit	0.43		0.65
	Total 𝑃 𝑑𝑒𝐵𝐸𝑆 of the system (kW)	45.38		57.63
	Total 𝐶 𝑑𝑒𝐵𝐸𝑆 of the system (kWh)	128.57		183.73
	Total 𝑃 𝐷𝐶/𝐷𝐶 charger of the system (kW)	45.38		57.63
	Total 𝑃 𝐴𝐶/𝐷𝐶 of the system (kW)	23.22		54.74
	𝐶 𝑐𝑒𝐵𝐸𝑆 (kWh)	0		2.11
	𝑃 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟_𝐶𝑒𝐵𝐸𝑆 (kW)	0		1.85
	Active peak power from the grid (kW)	21.64	24.33	1.5
	Energy purchased from the grid (MWh/year)	15.85	19.16	1.33
	Total energy losses (MWh/year)	6.53	13.94	14.05
	CAPEX (k$)	217.18	259.22	276.15
	OPEX(k$)	95.19	82.72	29.5
	TOTEX(k$)	312.37	341.94	305.65
	Autonomous time (%/year)	80.19	75	83.33
	CO2 emissions (kg/year)	6719	8123	563

Table 5 .

 5 9 Results simulation of test case B

	Variables	Value
	Total load peak power	29.52 kW
	Number of clusters	8
	Number of AC/DC converters	8
	Total length of AC conductors	1935 m
	Length of AC conductors: A, B, C, and N	516 m, 426 m, 477 m, 516 m
	The cross-section of the AC conductor*4	25 mm 2
	Total length of DC conductors	2425 m
	Total peak power losses (AC+DC)	3.38 kW
	Power phase A	11.15 kW
	Power phase B	10.78 kW
	Power phase C	10.97 kW
	Total peak power from the MV/LV grid	32.90 kW
	Also, Figure	

Table 5 .

 5 10 Number of PVs in clusters

	Cluster No.	Number of households	Total power of loads [kW]	Number of PVs installed	Total power of PVs [kW]
	1	2	0.65	0	0
	2	3	1.16	1	0.43
	3	3	1.17	1	0.43
	4	13	5.63	8	3.44
	5	15	5.97	8	3.44
	6	18	7.34	10	4.30
	7	9	3.51	5	2.15
	8	10	4.07	5	2.15
	Total	73	29.52	38	16.34

Table 5 .

 5 11 Summary results of the hybrid AC/DC microgrid of a test case B

	Parameters	Value (standard value [9])
	Number of PVs	38
	Number of clusters	8
	Number of deBESs	7
	Number of DC/DC chargers	7
	Number of bi-directional AC/DC converters	8
	Number of bi-directional inverters	0
	𝑃 𝑃𝑉𝑚𝑎𝑥 (kW)/unit	0.43
	Total 𝑃 𝑑𝑒𝐵𝐸𝑆 for 7 clusters (kW)	30.09
	Total 𝐶 𝑑𝑒𝐵𝐸𝑆 for 7 clusters (kWh)	91.84(97.50)
	Total 𝑃 𝐷𝐶/𝐷𝐶 charger for 7 clusters (kW)	30.09(37.92)
	Total 𝑃 𝐴𝐶/𝐷𝐶 converter for 8 clusters (kW)	15.52(18.10)
	𝐶 𝑐𝑒𝐵𝐸𝑆 (kWh)	0
	𝑃 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (kW)	0
	𝑃 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (kW)	14.80(20)
	𝐸 𝑔𝑟𝑖𝑑/𝑔𝑒𝑛𝑠𝑒𝑡 (MWh)	10.25
	A MV/LV transformer 30 kVA (k$) [10]	

Table 5 .

 5 12 Power and annual energy of the hybrid AC/DC microgrid of test case B

	Active peak power from the grid/genset (kW)	14.80
	Total energy generated in the system (MWh/year)	53.64
	Energy purchased from the grid/genset (MWh/year)	10.25
	Total energy losses (MWh/year)	4.15

Table 5 .

 5 .13. 114 Figure 5.46 CAPEX per components of the hybrid AC/DC microgrid at the initial year 13 Cost per element of the hybrid AC/DC microgrid at the initial year

	DC cable cost (k$)	8.33
	AC cable cost (k$)	7.86
	PV cost (k$)	9.80
	deBES cost (k$)	10.24
	DC/DC charger cost (k$)	43.80
	Bi-AC/DC converter cost (k$)	20.91

Table 5 .

 5 14 Key performance indicators of the AC/DC microgrid ('grid-connected' vs 'offgrid')

		Grid-connected	Off-grid	
		(PV+BES+grid)	(PV+BES+genset)
		Initial year	Year 30	Initial year	Year 30
	CAPEX (k$)	102.43	152.64	110.93	161.14
	OPEX(k$)	4.64	68.45	12.94	191.08
	TOTEX(k$)	107.06	221.09	123.87	352.22
	LCOE ($/kWh)		0.28		0.45
	Autonomous time (%/year)		37.50		100
	Autonomous energy (%/year)		80.90		100
	CO2 emissions (kg/year)		4344		9529
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Table 5 .

 5 15 KPIs results with the uncertainty of loads of the test case B

		Original	Mean	Standard deviation
		Grid-	Off-	Grid-	Off-	Grid-	Off-
		connected	grid	connected	grid	connected	grid
	Active peak power from the MV grid (kW)	14.80	14.59	0.51	
	Energy purchased from						
	the grid/genset	10.25	9.85		0.633
	(MWh/year)						
	Total energy losses (MWh/year)	4.15		4.29		0.045
	Autonomous time (%/year)	37.50	66.99	6.22	
	Autonomous energy (%/year)	80.90	81.50	0.97	
	CeBES (kWh)	0		0.88		0.59	
	CAPEX (k$)	152.64	161.14	154.82	163.41	0.14	0.20
	OPEX (k$)	68.45	191.08	66.90	188.24	2.53	4.63
	TOTEX (k$)	221.09	352.22	221.72	351.65	2.50	4.60
	LCOE ($/kWh)	0.2809	0.4475	0.2817	0.4467	0.0032	0.0058
	CO2 emissions (kg/year)	4344	9529	4035	8851	292	641

Table 5 .

 5 16 Comparison case B: Hybrid AC/DC vs Full AC (option 1) vs Full AC (option 2)

		Hybrid AC/DC	Full AC Option 1	Full AC Option 2
	Total load peak power	29.52 kW		29.52 kW
	Number of PVs	38		40
	Number of deBESs	7		40
	Number of DC/DC chargers	7		41
	Number of bi-directional AC/DC converters	8		1
	𝑃 𝑃𝑉𝑚𝑎𝑥 (kW)/unit	0.43		0.57
	Total 𝑃 𝑑𝑒𝐵𝐸𝑆 of the system (kW)	30.09		40.2
	Total 𝐶 𝑑𝑒𝐵𝐸𝑆 of the system (kWh)	91.84		126.48
	Total 𝑃 𝐷𝐶/𝐷𝐶 charger of the system (kW)	30.09		40.2
	Total 𝑃 𝐴𝐶/𝐷𝐶 of the system (kW)	15.52		40.2
	𝐶 𝑐𝑒𝐵𝐸𝑆 (kWh)	0		0.075
	𝑃 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟_𝐶𝑒𝐵𝐸𝑆 (kW)	0		1.35
	Active peak power from the grid (kW)	14.80	14	0.77
	Energy purchased from the grid (MWh/year)	10.25	15.51	1.05
	Total energy losses (MWh/year)	4.15	8.8	9.63
	CAPEX (k$)	152.64	177.56	179.03
	OPEX(k$)	68.45	67.58	20.68
	TOTEX(k$)	221.09	245.12	199.71
	Autonomous time (%/year)	37.50	45.83	54.16
	CO2 emissions (kg/year)	4344	6576	445

Table 5 .

 5 17 Comparison between a microgrid with (deBES+ceBES) and only ceBES for both test cases of "grid-connected" mode.

		Test case A	Test case B
		deBES+ceBES	Only ceBES	deBES+ceBES	Only ceBES
		128.57 kWh	133.04 kWh	91.84 kWh	92.99 kWh
	CAPEX (k$)	217.18	261.27	152.64	167.60
	OPEX (k$)	95.19	277.18	68.45	189.82
	TOTEX (k$)	312.37	538.45	221.09	357.42

Electricity Authority of Cambodia "Salient features of power development in the Kingdom of Cambodia until December

2021", Phnom Penh, 2022.
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K. KHON, ITC-UGA 53 Chapter 4: Integration of PVs and battery energy storages in the low voltage hybrid AC/DC microgrid This chapter aims at finding the size and location of PVs and then, the size, location, and operation of the battery energy storage in the low voltage hybrid AC/DC microgrid. This chapter is co-worked with K. Yon, M.-C. Alvarez-Herault, B. Raison, K. Khon, V. Vai and L. Bun, "Microgrids planning for rural electrification," 2021 IEEE Madrid PowerTech, 2021, pp. 1-6, doi: 10.1109/PowerTech46648.2021.9494966. Chapter 4 K. KHON, ITC-UGA

Test case A: L-network

Site description

A non-electrified village in a rural area, located in Sandek commune, Batheay district, Kampong Cham, Cambodia from the previous study on the planning of a full AC microgrid of the thesis [6] has been used in this chapter and it is also useful for the comparison. The 107 households are single-phase loads located along the side of the street with a total power of 43kW and 22 electrical poles. Figure 5.1 shows the DC households and electrical poles located along the road, which are supplied by an MV/LV distribution transformer (22kV/0.4kV) in "grid connected" mode or a genset in "off-grid" mode via AC/DC converters. Moreover, detailed information on AC and DC conductors are provided in Appendix 4.A. 

Input data

In this chapter, the load profile from [7] and the normalized PV production profile (section 4.3.3.2 of chapter 4), will be used as the input. If there is variation on loads or uncertainty of the inputs, they will affect the result. Thus, the uncertainty will be investigated in section 5.2.3.4. The data of DC and AC conductors from the appendix 3.A will be used in the simulation. Also, the economic data of table 4.5 of chapter 4 is reused in the chapter. In the optimal topology section, the methodology from chapter 3: K-means, the shortest path algorithm, the minimum spanning tree and the MILP are reused. Then, in the section dedicated to the integration of PV 

General conclusions and perspectives

This chapter draws conclusions and discussions of the overall thesis. It summarizes the main research findings of the thesis, contributions, and finally, some perspectives for future research are proposed.

Appendix 2 Appendix 2-A: Thermal generation project in Cambodia

At the present time, EDC has already signed the power purchase agreement (PPA) with companies in Cambodia for the following thermal generation projects: 

Appendix 2-B: Solar power generation in 2020 in Cambodia

In 2020, the following solar power generation licenses started their generation adding more 185 MW to the national grid:

• Schneitec Sustainable Co., Ltd-PPA for two solar power projects of 60MW each in Kampong Chhnang Province and Pursat Province, • Schneitec Infinite Co., Ltd-PPA for a solar power plant of 30MW in Kampong Chhnang Province, • Ray Power Supply Co., Ltd-PPA for a solar power plant of 30MW in Banteay Meanchey Province, and • Soma Energy Co., Ltd-PPA for a solar power plant of 5 MW in Kampong Thom Province.

Furthermore, there are others three solar power projects which are under development with a total capacity of 140 MW. The following solar power projects are:

• Risen Energy (Cambodia) Battambang Co., Ltd-PPA for a 60MW solar power plant project in Battambang Province, • Green Sustainable Ventures (Cambodia) Co., Ltd-PPA for a 20MW solar power plant project in Svay Rieng Province, and • Prime Road Alternative (Cambodia) Co., Ltd-PPA for a 60MW solar power plant project in Kampong Chhnang Province.

Appendix 2-C: Battery energy storage

A battery is a device that is able to convert chemical energy to electrical energy and viceversa via oxidation-reduction reactions. Two electrodes (one positive, one negative), the electrolyte, and a separator are the main elements of a battery. During the charging phase, two electrodes are applied by a voltage difference which imposes a certain direction of the current. During the discharge process, when the battery is connected to a load, the reverse chemical reaction creates a flow of electrons in the reversed direction until the chemical components are all discharged. The performance of a battery cell depends on the chemistry of its components and the reactions. Hence, the different chemistries have different properties, such as the lifecycle and the energy density. The life cycle is the number of charge-discharge cycles executed 

Appendix 3 Appendix 3-A: Structure analysis and design technique (SADT) approach

Structure analysis and design technique (SADT) is a graphical language and was used extensively for describing complex systems in communicative designs, planning, and computer-aided manufacturing. SADT was designed by Douglas T. Ross in the 1970s and was originally destined for software engineering and then it was rapidly found in others areas of application. SADT is a system engineering methodology for describing systems as a hierarchy of functions. Also, it can help people understand systems by using a decomposition with the top-down approach. SADT notations consist of box-arrow diagrams (blocks) and four arrows as shown in Figure 3-A SADT uses the top-down approach for the hierarchical modeling of functions. The process starts with specifying the highest simplified level of detail in the top-level diagram and then it is decomposed into further details at each step until the required level of detail has been reached. Figure 3-A2 shows an example of a hierarchical diagram of SADT. In the first stage, a top-level diagram A0 is created. There are inputs, an output, and activity A0. In the next stage, A0 is decomposed into further sub-activities (A1 to A4) that show a more detailed lower-level view of the process. And then, A4 is decomposed into sub-sub-activities (A41 to A43). Each stage shows individual inputs, outputs, controls, and mechanisms. The process continues until all levels are decomposed and they can produce the output at the top level.