

  sustainability-11-05398




sustainability-11-05398







Sustainability 2019, 11(19), 5398; doi:10.3390/su11195398




Article



Comprehensive Methodology for Sustainable Power Supply in Emerging Countries



Elisa Peñalvo-López 1,*[image: Orcid], Ángel Pérez-Navarro 1[image: Orcid], Elías Hurtado 1[image: Orcid] and F. Javier Cárcel-Carrasco 2[image: Orcid]





1



Institute for Energy Engineering, Universitat Politècnica de València, 46022 Valencia, Spain






2



Institute of Materials Technology, Universitat Politècnica de València, 46022 Valencia, Spain









*



Correspondence: elpealpe@upvnet.upv.es







Received: 29 August 2019 / Accepted: 25 September 2019 / Published: 29 September 2019



Abstract

:

Electricity has become one of the main driving forces for development, especially in remote areas where the lack of energy is linked to poverty. Traditionally, in these areas power is supplied by grid extension projects, which are expensive, or stand-alone systems based on fossil fuels. An actual alternative to these solutions is community micro-grid projects based on distributed renewable energy sources. However, these solutions need to introduce a holistic approach in order to be successfully implemented in real cases. The main purpose of this research work is the definition and development of a comprehensive methodology to encourage the use of decentralized renewable power systems to provide power supply to non-electrified areas. The methodology follows a top-down approach. Its main novelty is that it interlinks a macro and micro analysis dimension, considering not only the energy context of the country where the area under study is located and its development towards a sustainable scenario; but also the potential of renewable power generation, the demand side management opportunities and the socio-economic aspects involved in the final decision on what renewable energy solution would be the most appropriate for the considered location. The implementation of this methodology provides isolated areas a tool for sustainable energy development based on an environmentally friendly and socially participatory approach. Results of implementing the methodology in a case study showed the importance of introducing a holistic approach in supplying power energy to isolated areas, stating the need for involving all the different stakeholders in the decision-making process. Despite final raking on sustainable power supply solutions may vary from one area to another, the implementation of the methodology follows the same procedure, which makes it an inestimable tool for governments, private investors and local communities.
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1. Introduction


Economic growth of emerging countries is intimately related to reliable power supply, particularly in remote areas where poverty depends to a great extent on energy services accessibility. As stated by many international organizations, such as the United Nations [1,2], the World Bank [3] or the International Energy Agency [4], electricity provides the necessary framework for economic, social and human progress with a positive effect on productivity, health, education, climate change, food and water security, and communication services. Based on a prospective study carried out by the International Energy Agency (IEA), nearly 16% of the world population will still lack access to electricity in 2030 unless additional policies are implemented to palliate energy poverty [5]. Also, in a complementary study on universal modern energy access, IEA projections for 2030 [4] suggest that 60% of the additional power capacity will be achieved with sustainable energy systems, increasing 63% of the investment budget of mini-grids and off-grid systems based on renewable sources. Distributed power systems will emerge as an alternative solution to improve welfare and socio-economic development of small isolated communities, as islands and remote villages.



Energy Planning (EP) analyzes the various paths for energy evolution of a region by studying different energy scenarios. Each energy scenario involves assessing and matching energy sources and their conversion with the energy requirements of different demand sectors (commercial, industrial, domestic, etc.). Although it may seem a simple idea, it becomes a complex problem in which various decisions and criteria converge, together with the existence of complex relationships between the different actors involved in the simulation process: Generation, demand, emissions, economics, and technologies [6,7]. Remote and non-connected areas do not normally use energy planning in their energy analysis due to their small size. Their electrification plans normally follow modest structures, implementing simple solutions based on one technology, the most suitable one depending on the available natural resource (solar radiation, wind, type of biomass residues, etc.) [8,9]. These structures mainly referred to stand-alone systems based on photovoltaic and/or wind configurations, storing the excess of energy in batteries and using diesel generators as backup. However, this approach does not take into consideration other important factors, such as: Energy needs of the population, potential flexibility of consumers, expected demand’s growth and synergies between different renewable generation systems, which should be address by analyzing more in detail the different variables and relationships involved in the corresponding energy plan.



Global concerns on climate change justify renewable energy utilization since it produces few or no emissions. In addition, the utilization of renewable sources diversifies the energy supply mix, ensuring both energy security and sustainability [10]. In the case of large rural areas in dispersed countries, renewable sources become and can be utilized in a distributed generation approach to generate electricity [11]. Distributed Generation (DG) refers to the concept of generating electricity near the customer, thus DG technology is considered as a promising alternative for electrifying geographically disadvantaged rural and remote areas [12,13,14]. In fact, the rapid deployment of renewable energy technologies over the past years and the wider projection for the near future, raise challenges and opportunities for their integration that should be taken into consideration in the strategies for energy planning and optimization methods of the electricity supply of isolated areas.



Nowadays, energy demand of a remote area is usually met from locally available renewable energy sources like solar, wind, hydro or biomass micro plants. The solution for electrifying an area is usually single-system based, however the synergy by combining renewable energy sources with back-up units in renewable hybrid systems (HRES) may provide an economic, environmental and reliable supply of electricity for power demand at isolated regions. Several research works have demonstrated the suitability [15,16] of HRES to extend renewable energy penetration in a developing region and the immense potential to meet the load demand of remote, isolated sites while supplying uninterrupted power at zero emission level [17,18].



Energy demand characterization of an isolated area depends on various factors: geographical location, population, economic activity, annual demand and demand growth rate, etc. The location is important to determine the electrical demand patterns since they highly relate to geographical site and cultural habits. Islands normally represent communities with higher energy demand and potential use of natural resources for electrical generation and storage; while remote villages include communities that may or may not be geographically isolated, therefore have the possibility of grid-connection in some cases. Demand determination and its evolution is an important element for the determination of the energy system to be installed in the isolated community.



Demand side management (DSM) actions normally aim to reduce peak demand by either, decreasing total energy use or shedding the loads to a more convenient time. The use DSM strategies in power sector have evolved significantly during the past 20 years [19]. Electrical generation at isolated areas based on renewable sources, which are non-continuous and difficult to predict, requires the use of back-up systems to increase reliability of the global system, such as battery banks or diesel generator systems. However, these systems carry other environmental problems, such as disposal after use for few years, in the case of the batteries, or use of a contaminant fuel as diesel. DSM strategies can significantly benefit the global HRES by alleviating daily peaks and filling load curve valleys to obtain a better fit between generation and demand curves [20,21] reducing the size of backup system to be included.



Multi-criteria decision models (MCDM) [22] is a branch of operation research models in the field of decision-making. These methods tackle both quantitative as well as qualitative criteria and analyze conflict in criteria and decision making [23]. Multi-criteria analysis is used to select the ‘‘best fitted’’ solution from multi-attribute distinct options in a multi-dimensional space of different indicators and objectives. The use of multi-criteria decision analysis techniques provides a reliable methodology to rank alternative energy solutions for rural communities, considering renewable energy resources, technologies, demand and environmental impact [24].



State of the art review, including research studies in decentralized planning, electrification of isolated areas and multi-criteria analysis, together with the exploration of projects for electrifying remote communities with renewable energies, reveal a significant effort carried out by the scientific community in the last years. It also denotes the noteworthy interest in the different aspects associated to remote electrification of communities: software development for decentralized planning, including HRES; strategies for HRES control to maximize demand coverage; integration of demand side management, optimization of design system’s operation to respond different demand profiles; decision-making approaches.



However, all these scientific and technical works deal with specific issues of the challenge, but it has not been identified in the literature a comprehensive methodology for HRES optimization considering decentralized planning and multi-criteria assessment of quantitative and qualitative aspects of the project, which are key in the success of real implementation projects.



This article presents a methodology to assess the potential of hybrid renewable energy generation, evaluating possible mix-configurations, together with demand side management strategies and energy storage. In summary, this methodology improves the quality of energy services to non-connected areas from three main approaches: Technical, economic and sustainability.



The research work is organized into three major stages. First stage carries out a macro analysis, defining the method for analyzing the energy context of the country where the area is located and analyzing its evolution towards a sustainable energy scenario based on renewable energies. This allows understanding the advantages and limitations for massively deploying renewable hybrid power supply at different locations (villages, cities, regions, etc) in the country.



Then, it is analyzed whether the integration of different renewable energy systems are feasible at a micro level, carrying out a local analysis of the implementation of sustainable technologies as a means for local development of the emerging country. This micro-analysis responds to the implementation of macro policies established at the national level. At this stage, it is identified the most promising configurations of hybrid renewable systems capable to respond to the energy needs of the pilot area.



In the third step it is introduced the method of multi-criteria analysis which allows to select, among the promising configurations identified in the previous stage, the most appropriate for the specific context of the area under study. This approach takes into account not only economic or technical aspects, but also sociological, political, and environmental criteria.



Finally, it is presented the results of the methodology applied to a case study in order to show its usability and potential. A standard isolated community in Democratic Republic of Congo has been selected for this application since 90% of the population is living in areas isolated from the mains; despite it is one of the African countries with the greatest potential for renewable energy generation.




2. Materials and Methods


This section summarizes the integral methodology for isolated areas electrification developed in this study. It includes three main components: sustainable energy planning, identification of the most promising HRES configuration and multicriteria decision process. Then, this methodology is implemented in a case study, which was carried out using the support of several tools. Sustainable energy planning was studied using SIMESEN v5, a tool for analyzing the impact of different energy scenarios [25,26]. The tool SIMESEN, used for simulating energy scenarios, was specifically developed for analyzing the potential of meeting the energy demand of a remote area with renewable hybrid systems. The study of combining different renewable energy technologies to meet the demand was performed using HOMER Energy [27]. HOMER is a software application used for dimensioning and evaluating technically and economically the options for off-grid and on-grid power supply in microgrid and distributed generation power systems. Finally, it was used the AHP method [28] to perform the multi-criteria assessment with the support of Super Decisions v2.10 software [29], a decision support tool for AHP and ANP implementations.



Existing planning tools, such as EnergyPLAN [30] or LEAP [31] are not specifically oriented to this task. In the case of EnergyPLAN is more oriented to the system operation instead of the design or economic investment optimization, while LEAP does not currently support optimization modelling and it is oriented to support a number of different modelling methodologies. The code developed in this work, SIMESEN [25,26], allows studying the evolution of sustainable energy indicators of a particular energy scenario using as starting point the energy demand and the primary energy. Then, it allows analyzing the role that renewable energies could play to enable a sustainable scenario within a predetermined timeframe. Once this participation is determined, the possible configurations of HRES that comply with this scenario are determined and, depending on the remaining elements to be considered: Required technologies, environmental impact, costs and demand participation, obtain through a criterion of multi-criteria optimization, the most appropriate HRES to the needs of the population under study (Figure 1).



2.1. Energy Planning


SIMESEN is based on a linear model that relates the demand with the possible contributions of each primary energy source and electricity, and provides for the considered scenario the evolution of each of these contributions and the emissions generated by them in order to evaluate the sustainability indicators [25,26].



The evolution of the independent variables, which are assumed to be the energy demand of each sector are defined by predetermined mathematical laws or, in the most usual way for this type of analysis, by numerical annual rhythms of variation [26].
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where the following variables have been used (Table 1):



In order to quantify the degree of compliance with the sustainability objective, and the evolution followed to achieve it, the following indicators have been used based on the most frequently used in the literature:




	
Population;



	
GDPppp;



	
Consumption of Electricity;



	
CO2 Emissions;



	
Primary Energy (EP);



	
EP Generated;



	
Electricity Import-Export;



	
Generated Electricity;



	
External Dependency;



	
GDPppp/capita;



	
TEP/capita;



	
TEP/GDPppp;



	
Electricity/capita;



	
CO2/TEP;



	
CO2/GDPppp;



	
CO2/capita;



	
Renewable Fraction in Primary Energy;



	
Renewable Fraction in Final Energy.








Block diagram of the SIMESEN code is presented at Figure 2.




2.2. Configurations of Renewable Hybrid Systems


Once the energy planning study is completed, the methodology addresses the optimization of HRES configuration, following the scheme depicted at Figure 3.



First, natural resource evaluation is carried out based on local site parameters, such as meteorological data and geographic profile of the area. Meteorological data includes solar radiation, wind speed and direction, temperature, humidity, etc. This data helps determining the potential for RES power generation in an area, together with the required power technologies. The majority of isolated villages are characterized by having generous solar radiation and/or wind speeds (especially in the case of mountainous regions), as well as significant biomass residues since most isolated communities have agriculture as main subsistence activity.



Second, it is performed a detailed study of the different load profiles (domestic, commercial and industrial) in order to estimate the power needs of the community. To do so, it is studied the main consumption in domestic (households), commercial (health clinic, school, etc.) and industry (bakery, small business, etc.). Based on these profiles, it is identified the renewable hybrid configurations to supply energy to it.



Most typical load curve for rural villages is normally composed by 3 main components [32]: A base load, a morning/middle peak and an evening peak (Figure 4). First one is the base load, which generally represents night and early morning hours with limited or non-existent load during nocturne hours in the case of small communities. This load level is generally low compared with the morning-middle and evening peaks. Second one is the morning-middle peak, which builds from base load and refers to the activities from breakfast to lunch. Last one corresponds to evening activities, which is the highest peak and refers to lighting and entertaining activities, such as TV watching. Generally, this demand is supplied by stand-alone renewable power systems such as PV, wind, hydro or biomass, together with a storage system (battery bank) and a back-up generation system like a diesel generator.



In the third place, different types of Demand Response (DR) strategies are considered to achieve a more reliable power supply through responsible consumer’s behavior by means of energy conservation, energy efficiency, load curtailment and fuel substitution programs. Main types of demand response mechanisms are tariff pricing and economic incentives for customers [33,34]. In this instrument, customers decide when to consume. There are different electricity prices depending on the time of the day. This instrument encourages consumers to have specific usage patterns, consuming energy during periods with lower tariffs in order to reduce their electrical bills [33].



Once the abovementioned customer actions are implemented, next step in the methodology is identifying possible HRES power systems to cover the “updated” demand which considers demand flexibility actions in critical conditions, simulating from the simplest to more complex: Renewable stand-alone power systems (with or without storage); HRES with batteries or other storage systems, and micro-grid systems. Technical and economical characterization of the required technologies for the depicted configuration is provided in order to understand their limitations, but also the strong aspects of each component.



Once resource assessment, load requirements and available technologies have been analyzed, it is necessary to define the boundary and constraints for the techno-economic study. Throughout the evaluation of all possible combinations of renewable hybrid systems and sizes, the optimization process discards any solution that does not comply with imposed constraints, such as: Maximum Annual Capacity Shortage (MACS), Minimum Renewable Fraction (MRF); Load Following Strategy, and Cycle Charging Strategy. In this study, it has been defined a project time boundary of 25 years, with the following technical limitations: HRES power generator should respond to the requested demand at all times and renewable fraction of the supplied energy should be higher than 50%. Considering these inputs, it is simulated a series of possible configurations with HOMER to obtain a set of possible HRES configurations that satisfy all constrains, ranked from cheaper to more expensive systems. Hybrid Optimization Model for Electric Renewables (HOMER) software [27] is one of the most powerful tools for HRES configurations and sizing. It is the one of the most used tools in energy studies for remote areas without grid access. This software compares the energy generated by each HRES alternative with load needs at each hour for a complete year (8760 h). It simulates each possible HRES configurations, calculating the Net Present Cost (NPC) of each system. The optimization criterion is to minimize this NPC, which includes the costs of the initial investment in construction, the replacement of component within the project lifetime, its maintenance and fuel expenses. Another important economic parameter is the levelled cost of energy (COE) as the average cost per kWh of useful electrical energy produced by the system. COE takes into account the annualized capital (initial) cost, annualized replacement cost, annual O&M cost and annual fuel cost.



The concept of annualized cost (   C  A C A P    ), especially for initial investment, is mathematically expressed as:


   C  A C A P   =  C  C A P   ∗ C R F  (  i ,    R  P r o j    )   



(9)




where:




	
   C  C A P    : is the initial capital cost of the component (Eur);



	
  C R F  (  i ,    R  P r o j    )   : is the capital recovery factor;



	
 i : is the real interest rate;



	
   R  P r o j    : is the project lifetime.








The Capital Recovery Factor (CRF) is a ratio used to calculate the present value of an annuity (a series of equal annual cash flows), using the following equation:


  C R F  (  i ,  N  P r o j    )  =   i ∗    (  1 + i  )   N    i ∗    (  1 + i  )    N − 1      



(l0)




where:




	
 i : is the real interest rate;



	
N: is the number of years.









2.3. Multi-Criteria Assessment


Last step in the methodology presented in this study is the multi-criteria assessment of HRES feasible solutions, which is approached using the Analytic Hierarchy Process (AHP) [32]. AHP is one of the most commonly used methods of multi-criteria analysis, which considers hierarchical process with multiple levels. At the top level of the hierarchy is the goal, next level includes selected criteria, and the lowest level consists of the possible alternatives. In each hierarchical level paired comparisons are made with judgments using numerical values taken from the AHP absolute fundamental scale of 1 to 9 (Figure 5). These comparisons are used to set matrices in which eigenvectors are defined from ratio scales. AHP combines multidimensional scales of measurement into a single one-dimensional scale of priorities. The method also calculates a consistency ratio (CR) to verify the coherence of the judgments, which must be below 0.10 to be acceptable.



The methodology applies AHP to a selected set of HRES configurations. It aims to identifying the most convenient HRES solution from the alternatives deduced in the previous steps, using four criteria: technical, economic, environmental, social and political. Each criterion includes several sub-criteria that are also studied with AHP.



	
In the case of the Technical Criteria, the sub-criteria are: Maturity of the technology to be used; percentage of total demand covered by HRES configuration; surplus of electricity that must be discarded because it cannot be used to serve a load or charge the batteries; autonomy provided by the battery bank.



	
For the Economic Criteria: Initial investment; O&M cost; Cost of Electricity (COE); Net Present Cost of the system. For the social criteria: Public acceptance and Job creation.



	
For the Environmental Criteria: CO2 emission; Percentage of HRES´s total energy production generated from renewable power sources; Impact on environment and biodiversity, and land requirements.



	
Finally, for the Political Criteria: Political priorities in terms of energy and the promotion of renewable power supply, and compatibility with national/regional energy policies.






The AHP structure used in the methodology is presented in Figure 6. This final step of the methodology allows ranking the most promising HRES configurations identified in previous stage according to their adequacy to the specifics of the area, considering quantitative and qualitative aspects.





3. Results


In this section, a case study implementing the integrated methodology is presented. Specifically, the methodology is applied to Dekese village in Democratic Republic of Congo (DRC), a rural community whose economic development is mainly based on agriculture for subsistence. The implementation process is organized in three main stages. Initially, it is performed a macro-energy analysis, studying the energy context of the country and identifying key parameters towards a sustainable development. Using a prospective analysis and energy planning tools, this first step provides the results of an energy roadmap aiming to increase energy access to a higher percentage of the population. To accomplish this objective, it is compared the evolution of several energy indicators in a Business as Usual Scenario and a Sustainable Energy Scenario based on off-grid hybrid renewable energy systems (HRES).



Second and third stage are based on a micro-energy analysis, which studies the viability of implementing macro roadmap strategies and policies at a local scale. This activity includes: (1) the identification of the most promising configurations of renewable hybrid systems to respond the electrical demand of the village; and (2) the recognition of the best-suited configuration for the community according to local quantitative and qualitative aspects, mainly economic, technical, political, social and environmental criteria.



3.1. Energy Planning


This section describes the macro-energy analysis, which includes the study of the energy context in Democratic Republic of Congo, and analyses two possible country scenarios: Business As Usual (BAU) and Sustainable Energy based on HRES. This comparative analysis provides the necessary information for the definition of a sustainable energy roadmap aiming to increase energy access in remote areas of Democratic Republic of Congo (DRC). Afterwards, the implementation of these HRES actions is evaluated in a specific pilot, a geographical village within DRC (Dekese), to analyze the viability of the energy strategies at a micro scale.



DRC is the second largest country in Africa with an estimated population of 75 million inhabitants and a growth rate of 3.1% from 1990 to 2014 [35]. The country’s electrification ratio is 9%, achieving 30% in the country’s capital, Kinshasa [35]. Dekese, located in the area of Western Kasai, is a rural community based on agriculture subsistence. Main natural resources for energy valorization are solar radiation and agricultural biomass.



Macro-analysis involved the comparative study of two scenarios of DRC with a time horizon of 2035. Business as usual scenario presents a continuity evolution approach, while the Sustainable scenario analyses the impact of massively introducing mini-grid renewable distributed generation near to the consumption areas. Summarizing main highlights of the comparative study are presented in Table 2.



In addition, the evolution of crucial indicators is presented in Figure 7, where it may be observed the impact of massively increasing energy access in the country by means of combined renewable systems.




3.2. HRES Configuration


Different HRES configurations are studied from a techno-economic perspective in order to identify a set of the most promising HRES system architectures that will meet the needs of the village. The study is conducted in several steps. First, it is estimated the electricity demand; then it is assessed natural resources, analysis of the technologies, and a techno-economics evaluation of different HRES configurations using HOMER software [27].



3.1.1. Demand Profile and Flexibility


Demand of the isolated community is determined by analyzing the requirements from residential, commercial and industrial loads. Residential demand refers to the 20 households’ loads in the village, which include basic illumination and electrical appliances (Figure 8a). Commercial loads include a school (Figure 8b) and a health clinic (Figure 8c). In terms of electrical loads, school consumes in lighting (indoor and outdoor) and office appliances, while health clinic is composed of external and indoor lighting, a vaccine freezer, a communication system, a microscope, a printer, a computer and a TV. A bakery and a milling machine for bread preparation compose the industrial electric demand with the hourly dedication indicated at Figure 8d. Total electricity daily demand profile is shown at Figure 8e.



Next, it is studied the potential for demand side management actions (DSM) based on their flexibility, which allows reducing energy supply in “critical” periods of low natural resources availability (Figure 9). Dimensioning of the HRES system is designed based on the total demand of the village, serving these DSM strategies as “emergency actions” for critical conditions of the system (ex. low availability of resources, such as solar radiation or wind, and high power energy needs). Demand side management potential is estimated by determining load priorities (being 1-highest and 10-lowest) in consumption time-slots (1 hour). Highest load priority means a load cannot be interrupted in a specific time-slot, while lowest priority expresses that the load may be suspended if necessary, during a one hour time-slot. During the implementation of the case study, demand flexibility was only used to avoid unmet demand during peak times.




3.1.2. Resources and Technologies


A feasibility analysis of the renewable potential at the specific location highlights solar, wind and biomass as major potential sources. Therefore, further analysis of these resources is performed. Solar resource is evaluated using the PVGIS-CMSAF [36] solar radiation database at the location of Kinshasa, resulting an annual average of solar radiation as high as 6.4 kWh/m2/day and a clearness index mean in the order of 0.6. There are almost no variations along the year for both magnitudes (Figure 10), thus significant PV power contributions are expected for power generation.



Wind resource is assessed using meteorological data from a local source [35]. Average wind speed throughout the year is 1.8 m/s, except for September and October where average increases to 2.3 m/s (Figure 11). So, contributions from wind energy are expected but at modestly.



Regarding biomass availability, DRC has 145 million hectares of forest (47% of the total forest resources in Africa) [37] and consumes 54.7 million tons of wood for energy use, mainly for domestic energy as firewood and small-scale commercial sectors [38]. Moreover, reducing the demand for firewood is a key factor for reducing deforestation and exhaustion of DRC’s natural resources, so more efficient forms of biomass energy generation should be implemented and promoted, being gasification a clean alternative. Biomass potential in the isolated area under consideration is large, both from forest growing and agricultural waste. For the actual case, it is considered a gasification system of 10 kW, requiring approximately 100 ton of local biomass residues [18,39] for operating 8760 h per year [18,39].



Since the area under study did not have access to the Congo River micro hydro power generation was not considered in this case study. Thus, main natural resources are solar, wind and biomass. Technologies are solar photovoltaics, micro wind turbines and biomass gasification which are well developed and available nowadays for the estimated powers to be required in this application, in the order of 20 kWs.




3.1.3. Techno-Economic Simulation


Modelling and simulation of different HRES configurations has been carried out using HOMER [27]. Detailed data regarding the analyzed demand, resources and components are introduced as input data of the model, together with the unitary technology cost in Table 3 (capital, replacement and O&M), the cycle-charging dispatch strategy and model constraints with a no minimum renewable fraction set mandatory.



HOMER uses all this information to simulate all different system configurations, or combinations of components, generating a list of feasible configurations sorted by net present cost, considering the capital, replacement, operation and maintenance, fuel, and interest costs. It simulates the operation of each HRES system, calculating the hourly energy balance. For each of the 8760 hours of the year, HOMER compares the electric demand with the energy supplied by the system and calculates the energy flow to and from each component of the system. Then, it determines whether a configuration meets the electric demand under pre-defined conditions, such as minimum fraction of renewable or demand capacity shortage and estimates the cost of installing and operating the system over the lifetime of the project.



Results of this simulation are presented in Table 4, showing a list of possible HRES configurations capable to satisfy the electric requirements of the community.





3.3. Multi-Criteria Assessment


Finally, a multi-criteria evaluation of the most promising alternatives deduced from the previous simulation is carried out in this section. Initially, a series of expert from different disciplines and professions were invited to participate in the assessment. Expert committee was composed by a HRES technician, an economist, a social worker, a politician and a representative of the community. First decision to be taken was to identify and select the three electrification alternatives that resulted more attractive for to them, based on their professional experience. This resulted in three HRES systems detailed at Table 5.



Then, it is defined the goal, criteria and sub-criteria for the first and second level with the expert committee (Table 6) in order to carry out the multi-criteria assessment based on the AHP method. Initial step consists on setting the hierarchical structure of the problem (Figure 7) and collecting the results of the pair-wise comparisons from the expert’s committee, which was performed by means of a questionnaire. In this regard, special attention is provided to the consistency ratio, based on the matrix size, since a high inconsistency value will indicate that the expert committee should reconsider their evaluation.



First level assessment provides the weights for each aspect to be considered in the alternatives evaluation, detailed at Table 6, has an inconsistency is 1.7%, far below the 10% limit for a matrix size of 5.



Thus it is possible to proceed to the second level of pair-wise comparison, summarized at Table 7.



Finally, alternatives are pondered based on qualitative and quantitative considerations. Qualitative aspects are evaluated by means of a questionnaire, while quantitative variables are assessed using specific values obtained from simulations performed in the previous step of the methodology. Normalized weights, shown at Table 8, are obtained from these values and introduce in the comparison.



Using these values, each alternative per criteria (technical, economic, social, environmental, political), obtaining the results detailed at Table 9.



Finally, global weights for each alternative are calculated according to the following mathematical equation:


   W  G l o b a l   =  ∑   (   W  C 1   ∗  W  C 2   ∗  W A   )   



(11)




where:




	
   W  C 1    : weighs of the first level analysis



	
   W  C 2    : weighs of the second level analysis



	
   W A   : weighs of the alternatives








Thus, a final global weight of the alternatives in summarized in Table 10. According to the results the best alternative for this case study is the HRES configuration that includes photovoltaics panels (10 kW), a diesel backup, generator (6 kW) and a battery bank (54 kWh).





4. Discussion


The sustainable development of countries with low electrification rates based on HRES is possible and should be accompanied by national and regional energy directives. Enhancing HRES in remote communities will provide energy access to isolated areas, promoting the economic development of these communities without increasing CO2 emissions. Responding to this, the first stage of the methodology studies the impact and requirements for HRES deployment in remote areas based on a series of sustainable energy indicators. Although the main purpose of this stage is to provide power supply to grid-isolated areas, the study promotes the use of distributed renewable systems near to the demand.



HRES modelling and simulation of off-grid HRES configurations may be optimized on a second stage based on the electricity load, climatic data sources, and economics of the power components in which the NPC has to be minimized to select an economic feasible power system. However, in a third phase is crucial to gather the opinion of local experts and local residents. During the implementation of the methodology to the case study, results of the second and third stage highlighted as the top-ranked HRES configuration the alternative including photovoltaics, diesel and batteries for storage. Among the alternatives, it was also evaluated the HRES configuration using a biomass gasifier system instead of diesel back-up generator, considering the abundant biomass resources in the area. However, the price of these systems is still expensive in comparison to diesel back-up system. AHP implementation showed that the main decision-taken driver is still the cost of the overall system and electricity cost. This conclusion denotes that an extra effort needs to be done in remote areas to enhance sustainable energy configurations with no fossil fuel generation.



Main result of this research is the comprehensive methodology for sustainable power supply which may be implemented in different areas or regions. It uses a holistic approach to interlink national/regional energy policies based on a sustainable development with small scale mini-grid projects based on renewable hybrid systems in specific community needs (political, social, technical, and economic). Results in the “HRES ranking of best solutions” will not be the same from one region to another, but the implementation of the methodology will follow the same procedure, which may serve as a tool for public and private organizations.



Similar research works focus on one of the stages of the challenge, either energy planning, HRES simulation or AHP method applied to energy technologies selection or power plant site. Most popular scientific works deal with software development for decentralized planning (including HRES), definition of HRES control strategies for maximizing demand coverage and challenges associated to the integration of renewable hybrid systems in the grid. However, these scientific and technical works address very specific aspects of the global problem. They do not address intangible aspects. The methodology presented in this paper fills this gap, interlinking national and regional policies with small-scale mini-grid HRES projects based on a participatory approach.




5. Conclusions


Electrification of rural areas will remain a challenge for governments in developing countries like Democratic Republic of Congo. Comparing renewable energy systems with conventional generation units powered by fuel may not be cost effective yet, but the necessity of environmental protection and global tendency toward more environmentally friendly habits will derive in a decrement of fossil fuels and its substitution by renewable energy technologies.



State of the art revealed an important effort carried out by the scientific community to study isolated areas electrification, mainly based on decentralized energy generation. However, these efforts mainly focused on technical operation challenges. Further to this, the process of decision taken in selecting and implementing feasible energy projects is a complex problem that needs to be tackled from different perspectives (technical, economic, social, environmental and political). In this regard, the use of multi-criteria methods is essential for the success and continuity of the project in the future. Responding to this approach, it has been developed a holistic methodology for the implementing mini-grid electrification projects considering the different perspectives.



This comprehensive methodology optimizes the quality of energy services to non-connected areas from three main approaches: technical, economical, and sustainability, assessing the potential for energy generation with renewable energies, evaluating possible hybrid configurations, together with demand side management strategies.



In addition, it analyses the available resources with potential for demand response actions for distributed generation and energy storage needs and integrate qualitative assessment of social and political aspects of the implementation of HRES in the isolated community using the Analytic Hierarchy Process. The methodology has been presented in this article and used, as a test case of its applicability and example of the procedure to follow in its application, to a local community located in the Democratic Republic of Congo.
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Figure 1. Integral Methodology for Isolated Electrification. 
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Figure 2. Energy Planning Model SIMESEN [25]. 
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Figure 3. Method for identifying HRES Feasible Configurations. 
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Figure 4. Typical load of an isolated village. Source: [32]. 
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Figure 5. AHP Hierarchical model. 
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Figure 6. Multi-criteria Decision Making Process. 
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Figure 7. Comparison of Usual versus Sustainable Scenario: (a) Primary Energy Consumption; (b) CO2 Emissions, (c) External Dependency, (d) Energy Intensity. 
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Figure 8. Power demand profiles from the different sectors: (a) Domestic; (b) School (Commercial) (c) Heath clinic (Commercial), (d) Industrial, (e) Total. 
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Figure 9. Total profile of electricity demand. 
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Figure 10. Solar Radiation Profile. 
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Figure 11. Monthly wind speed average. 
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Table 1. Variables used in the SIMESEN code [26].
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	Indicator
	Definition





	P(t)
	Population



	GDP (t)
	Gross Domestic Product



	TEP (t)
	Total Primary Energy



	EP (i,t)
	Evolution of the primary energy demand for each source



	DA (i,j,t)
	Evolution of the final energy demanded by each economic sector from the different sources



	TDA (j,t)
	Evolution of the final energy demanded by each sector



	TEF (t)
	Evolution of the total final energy demand



	DR (i,j,t)
	Evolution of the percentage of each source of energy (i) in the demand of a particular sector (j)



	TEM (t)
	Evolution of the total CO2 emissions



	EM (i,j,t)
	Evolution of the CO2 emissions due to the use of a particular source of energy (i) in a demand sector (j)



	SEM (j,t)
	Evolution of the total CO2 emissions from a particular sector j



	CEM (i,j)
	Emission coefficients due to the energy source (i) use in each sector (j)



	R (j,t)
	Growth rate for the energy demand in the sector j, the population (P) and the GDP.










[image: Table] 





Table 2. List of feasible HRES configurations.
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	Business as Usual (BAU)
	Sustainable (HRES)





	The electricity consumption increases in a reduced way (from 8 to 11.3 TWh).
	Electricity consumption increases considerably by a factor of 5.



	The electrification ratio is maintained at a low level (0.08 MWh/capita).
	Increases access to electricity in the country by 40% (0.5 MWh/capita).



	CO2 emissions increase due to the use of fossil fuels in transportation and power generation.
	No additional increase in CO2 emissions, transportation is based on electricity and power generation is produced with renewables sources.



	External dependence increases due to a greater contribution of fossils.
	External dependence is reduced as the contribution of renewable energy increases, enhancing local sources for power generation.



	There is no economic development nor poverty alleviation.
	There is a local economic development that reduces poverty.
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Table 3. Cost Assumptions in HRES simulation.
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	Capital
	Replacement
	Annual

O&M





	Photovoltaics System
	1.9 k€/kWPV
	1.3 k€/kWPV
	0.015 k€/kWPV



	Wind turbine (3 kW)
	11 k€/unit
	7 k€/unit
	0.2 k€/unit



	Biomass Gasifier (10 kW)
	5.7 k€/kWGASF
	3.8 k€/kWGASF
	1.0 €/hGASF



	Diesel Generator (8 kW)
	0.8 k€/kWDIE
	0.7 k€/kWDIE
	0.2 €/hDIE
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Table 4. List of feasible HRES configurations.
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	Photovoltaic System (kW)
	Mini-Wind Turbine (Number)
	Diesel Generator (kW)
	Biomass Gasifier (kW)
	Batteries (Number)
	Converter (kW)
	COE (€/kWh)
	Renewable fraction (%)





	101
	-
	6
	-
	40
	8
	0.535
	0.87



	
	
	6
	
	20
	4
	0.989
	0.00



	20
	
	6
	
	
	8
	1.159
	0.76



	201
	1
	6
	
	
	8
	1.238
	0.77



	
	
	
	10
	40
	4
	1.510
	1.00



	101
	
	
	10
	20
	8
	1.521
	1.00



	10
	
	6
	10
	20
	8
	1.531
	0.99



	
	1
	
	10
	40
	4
	1.595
	1.00



	10
	1
	6
	10
	20
	8
	1.617
	0.99



	20
	1
	
	10
	
	8
	2.791
	1.00







1 Configurations selected for further analysis with AHP.


media/file13.jpg
[ERT——

n oms
» ool
gin g om
L § o
0 %
B oo
. oo .
o FITp—————
- -
@ )
e e
—— itons e\ i
“ w o
P o
5 HS o
I w
» H
jo o
E3 H " 2
ol o
» ® ®
w0 W w0 05 W0 W% e s WW“.W% w0 2%

(<) )






media/file4.png
[ ENERGY PLANNING (1) ]

!

GOAL SCENARIO

HISTORY
DATA

GROWTH RATE GROWTH RATE
CALCULATION ESTIMATE
BAU SIMULATION
l
SCENARIO SCENARIO
SIMULATION REDEFINITION
l
ENOUGH NO
RENEWABLE

SOURCES?

BAU / SCENARIO
COMPARISON

DATA OUTPUT

y

SUSTAINABLE
ENERGY SCENARIO

5






media/file18.png
Electric Consumption (W)

ceees Bakery Milling = = Lighting

14.000

Total bread industry

12.000

10.000

8.000

6.000

4.000

‘\
_—

\
\
\

2.000

L

oo V
z"

[ °

) e e L e A p

T T T LI D R R R
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour of the day

(d)

Electric Consumption (W)

-==22 Domestic - == Commercial = == |ndustrial

18.000

e TOTAL

16.000

14.000

12.000

10.000

8.000

6.000

4.000

2.000

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour of the day

(e)






media/file21.jpg
Global Horizontal Radiation

o

»

©

Daily Radiation (kWh/m#/d)
»

Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec

ion = Clearness Index

S S o o
S @ ® o

Clearness Index

S
N

0.0





media/file3.jpg
ENERGY PLANNING )

ety - "

1)






media/file22.png
Daily Radiation (kWh/m?/d)
N _©w s o o

.
i

Global Horizontal Radiation

| 0
Mar Apr May Jun Jul Aug Sep Oct Nov Dec -
Dasily Radistion == Clearness Index

Clearness Index






media/file19.jpg
-Domestic — — Commercial

Industrial == TOTAL

+DSM Action

58
g g

H
g

Electric Consumption (W),
gz
g g

. &8

c1:34567ss0NnBuB U BERA RS
our ot the day
Low Peal Peal Low





media/file7.jpg
W

Evening peak

Morning and mid-day load

Night load

(3t05 hours/day)

(81010 hours/day)

(9013 hours/day)






media/file10.png
First Level
Criteria

Second
Level
Criteria

Alternatives

[ MAIN GOAL ]
/\

el 4 Y
[Criterion 1][Criterion 2 ] [ Criterion 3]

peemary
[Criterion n

S

SubCriterion SubCriterion SubCriterion
1.1 21 3.

SubCriterion

SubCriterion

1
SubCriterion
3.2

1.2

2.2

SubCriterion

SubCriterion

SubCriterion
1.m

== =)

--------

2.m

\

SubCriterion
n.1l
SubCriterion
n.2

SubCriterion
n.m

-——

| Alternat. 1 | Alternat. 2 || Alternat. 3 I

Alternat.n






media/file14.png
=g BAU e=j== HRES @ BAU === HRES
70 0,025
60 S~
0,020
50
§ 40 i 0,015
s 301 £ 0,010
& 20 2
§ 10 E 0005 -
0 | | | | : | 0,000 | : : : | |
2014 2015 2020 2025 2030 2035 2014 2015 2020 2025 2030 2035
year year
(a) (b)
et BAU_TEP/capita w={i==HRES_TEP/capita
e BAU === HRES e=gum BAU_Electricity/capita e=fi== HRES_Electricity/capita
40 0,7 0,7
/ :(.; 0’6 0’6 E
£ c
35 £ 0,5 - 05 S
& g 2
o :" Or4 T B 0,4 5
t 30 - g g
v o 03 03 o
- [} 1]
v 2 /' 2
a a 02 02 3
25 u S
0,1 - - 01 &
¢}
3
20 . : : : , 0,0 : : : : : 00 u
2010 2015 2020 2025 2030 2035 2014 2015 2020 2025 2030 2035
year

(c)

(d)






media/file11.jpg
MULTICRITERIA DECISION MAKING PROCESS ()

(3 ¥ 1 3

e AT1 mes T2 mes Ty mes AT

L/

RAKING OF BEST HRES SOLUTIONS






media/file6.png
[ HRES CONFIGURATION SET (2)

Biomass

M| L

«Demand Coverage
«Excess of Electricity

Technologies

Configuration
1

L=1->n

Analysis of
Indicators 1

—
Local Site RESOURCES ¢
Parameters ASSESSMENT
LOAD PROFILE
v
DSM I
v
Flexibility COMPONENTS
v
~
Criteria & TECHNO-ECONOMIC
Boundaries OPTIMIZATION
J
|
Simulation o i=1=n

Simulation o
Configuration
n

Analysis of
Indicators 1

v

Configuration Set

N

SIMULATION?

é YES

< EXPERIMENTAL






media/file15.jpg
[rre——

.ssEEEEES |

©





nav.xhtml


  sustainability-11-05398


  
    		
      sustainability-11-05398
    


  




  





media/file2.png
DEMOGRAPHIC
DATA

ELECTRICITY
DEMAND

RENEWABLE
RESOURCES

ENERGY PLANNING
¢))

|_
'_
|_

(

SUSTAINABLE

\vo

ENERGY SCENARIO? /

LOADS

YES

A4

RESOURCES
ASSESSMENT

TECHNOLOGIES

ANALYSIS OF BEST HRES

CONFIGURATIONS
@

T T T

I

(

EXPERIMENTAL
SIMULATION?

\NO
/

TECHNICAL

ECONOMIC

YES

MULTICRITERIA
DECISION MAKING
PROCESS
€)

EXPERT's
COMMITEE

ENVIRONMENTAL

POLITICAL

(

MULTIDISCIPLINARY
EXPERT's
VALIDATION?

\NO

/

L T T T

YES

RAKING OF BEST HRES SOLUTIONS






media/file20.png
------ Domestic = = Commercial === Industrial «=== TOTAL +++++DSM Action
16000

14000 -

12000 -

[y

0000 -

3000

6000

4000 -

Electric Consumption (W)

2000

ok
\_—\

3 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Low Pea'I-(Iour of the day Peak p—

0 -






media/file23.jpg





media/file5.jpg
HRES CONFIGURATION SET ()






media/file24.png





media/file1.jpg
ENERGY PLANNING

B I o

S
e [ ULTICRITERIA
|, oecsionyaxne s
oo PROCESS. ey
)

RAKING OF BEST HRES SOLUTIONS






media/file16.jpg
Electric Consumption (W)

Electrc Consumption (W)

Bakery  ---Miling = —Lighting  ——Total bread industry

10000
8000
000

2000

Hour of the day.
(d)

~--Domestic  — —Commercial -~ Industrial = TOTAL

Hour of the day

(e)





media/file12.png
[ MULTICRITERIA DECISION MAKING PROCESS (3) ]

!

GOAL

v v v ’

ECONOMIC | | SOCIAL POLITICAL |

ENVIRONMENTAL
« Political

. :)ﬂ:::::l?d « Public « CO, Emissions Acceptance

Coverage Acceptance « Impact on - Compatibility with
E " - Job Creation Environment national energy

XCEsS O - Land requirements policy objectives

Electricity - Renewable fraction

« Efficienc

EXPERT’s
VALIDATION

&3

YES

RAKING OF BEST HRES SOLUTIONS






media/file9.jpg
First Level
Criteria

Second
Level
Criteria

Alternatives

MAIN GOAL

Criterion 1

Criterion 2

Criterion 3

Criterionn

SubCriterion
11

SubCriterion
21

SubCriterion
31

SubCriterion
ni

SubCriterion
12

SubCriterion
22

SubCriterion
32

SubCriterion
n2

SubCriterion
1m

SubCriterion

SubCriterion
3m

SubCriterion

Alternat.1

Alternat.2

Alternat.3

Alternat.n






media/file0.png





media/file17.png
ssccss Lighting
TV

=== Radio or Cassette recorder
Small Fan

Total domestic load

250
200
F N\ ﬂ
s 150
=
£ [\
100
z . N\ oo
Q S St
2 5o : S T~
= l’~-tv-r.—\ 'os--os‘ K
"d 7] '.. ..o\\uoo.o.‘ ..o‘-..'.-'
@ .. O e o A Y
= 0 e T — s .
O1234567891011121314151617181920212223
Hour of the day
(a)
eeeeee Computer = = == Printer = == = External lighting
Classroom lighting eeeeee Office lighting =+ = Toilet lighting
e Total school
600
S
a
g 300
wv
[
g 200
o
o 100 [ \l
l".....-".’ ®sssseete
0 - SO o ."".:.‘"'TMX \
c 1 2 3 4 5 6 891011121314151617181920212223

Hour of t