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Abstract

:

Almost one billion people in the world still do not have access to electricity. Most of them live in rural areas of the developing world. Access to electricity in the rural areas of Sub-Saharan Africa is only 28%, roughly 600 million people. The financing of rural electrification is challenging and, in order to accomplish higher private sector investments, new innovative business models have to be developed. In this paper, a new approach in the financing of microgrid electrification activities is proposed and investigated. In this approach, agriculture related businesses take the lead in the electrification activities of the surrounding communities. It is shown that the high cost of rural electrification can be met through the increased value of locally produced products, and cross-subsidization can take place in order to decrease the cost of household electrification. The approach is implemented in a case study in Rwanda, through which the possibility of local agricultural cooperatives leading electrification activities is demonstrated.
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1. Introduction


Almost one billion people in the world still do not have access to electricity [1]. Most of them live in rural areas of the developing world. Access to electricity in the rural areas of Sub-Saharan Africa is only 28%, roughly 600 million people. In recent years, poverty has been officially recognized to be at the core of development. The Sustainable Development Goal (SDG) No. 1 of the United Nations (UN) is “No poverty”, and it is acknowledged that economic growth must be inclusive to provide sustainable jobs and promote equality. Infrastructure is recognized as having a high importance on a country’s economic development. At the same time, two key factors are needed for the move to higher productivity, economies of scale, and specialization [2], which have considerable benefits in large urban centers [3]. Urbanization has been considered to be the key to economic development, but recent studies have shown that enforcing policies to simply pursue accelerated urbanization will not necessarily lead to increased economic growth [4]. At the same time, urbanization has been increasing Greenhouse Gas (GHG) emissions [5], contributing to climate change [6], and affecting water resources [7] and biodiversity [8], as well as human health [9]. Based on these drawbacks of urban economic development, recent studies have shown that, especially for the least-developed countries, rural development is an alternative way of increasing income and quality of live, with agriculture being the starting point [10].



Rural development can be defined as “the process of improving the quality of life and economic well-being of people living in rural areas, often relatively isolated and sparsely populated” [11]. The main sectors of activity that have been traditionally regarded as the core of rural development are agriculture, forestry, and natural resources extraction. In recent times, the importance of social infrastructure related to health and education [12] has been acknowledged, along with tourism, recreation, and decentralized manufacturing [13]. However, it has to be highlighted that agriculture is still considered to be the most important sector for the rural areas of the developing world [10]. Sustainable development, in turn, has been defined, according to the Brundtland Commission’s “Our Common Future” document [14], as “development that meets the needs of the present without compromising the ability of future generations to meet their own needs”.



Rural electrification and the sustainable development of rural communities has been investigated extensively, and it has been shown that there is an evident relationship between them; rural electrification can act as an enabler, a facilitator, and a driver for sustainable development [15]. Indeed, rural electrification has provided extended benefits to rural populations in health [16], education [17], and income [18,19]. Agricultural electrification has been found to produce long-lasting positive effects on communities. A review of rural electrification that took place in the US between 1930 and 1960 showed that, in the short term, electrification mostly impacted the agriculture related economy, increasing employment and rural farm population. The fact that benefits exceeded historical costs even in low density rural areas is highlighted. Another important and interesting fact is that the areas that got electrified first showed increased economic growth that was maintained for decades, even after the whole of the US was electrified [20]. Newer rural electrification programs show comparable results. In a 2018 review of the Chinese rural electrification program, one of the main outcomes was that it considerably increases the farmer’s agricultural income [21]. Another important result is that a proper matching of electrification needs can considerably increase its effectiveness [21]. It has been acknowledged that it is beneficial to utilize an approach where an investigation of each area’s needs is performed first and the electrification activities are subsequently tailored to those needs [22].



How to measure access to electricity is also an important aspect when considering electrification activities. The United Nations Global Tracking Network for Sustainable Energy for All has proposed a multi-tier framework, which is a comprehensive approach in measuring access [23]. The main attributes of this framework are that it has five tiers, it is based on six attributes of electricity supply, and that, with electricity supply improvement, there is an increase in the possible electricity services availability.



The Index of access to electricity is defined as:


  i =  ∑   P T  × T ,  








where PT refers to the proportion of households at tier   T ∈  {  0 , 1 , … , 5  }   .



Table 1 presents the main attributes of each tier, while Table 2 presents the main services provided. As is understandable, high energy efficiency devices and appliances need to be used in order to achieve each tier access cost effectively. It should be pointed out that Tier 1 is considered as having access to electricity and therefore people with, for example, a solar lantern with the ability to also charge a mobile phone are not included in the ~1 billion people without access to electricity.



Rural electrification can be accomplished using three main approaches; grid extension, microgrids, and solar home systems [24]. The electrification costs for grid extension is estimated at between 2000 and 3000 USD, for microgrids at between 500 and 1200 USD, and for solar home systems at between 150 and 500 USD [25]. Based on technology availability and reliability nowadays, grid extension does not seem to be the optimum solution in remote locations due to the high cost and extensive infrastructure requirements; therefore, for most people in rural areas, electrification will come with systems that produce and distribute electricity locally, through solar home systems or microgrids [26]. The choice between an investment in a microgrid or solar home systems is ultimately based on a techno-economic evaluation for any given project, with population density playing an important role [27]. In Sub-Saharan Africa there are 602 million people living in the dark [1]. If all these people were to get access to electricity with microgrids, more than 480 billion USD would be needed. It is interesting to mention here that the total official financing received by African countries in 2018, according to the OECD, was ~64 billion USD [28], and this includes the financing for all activity sectors, not just energy. It is understandable that it cannot be expected that development financing alone will make the world succeed in fulfilling Sustainable Development Goal No. 7 of ensuring access to affordable, reliable, sustainable, and modern energy for all. This, in turn, means that the available financing tools should be utilized in the most effective way possible in order to stimulate sustainable economic development, which in turn will contribute to the required financing.



One of the most extended and current studies of installed microgrids in Sub-Saharan Africa was performed by the International Finance Corporation of the World Bank Group [29]. The main findings are summarized in Table 3. According to the study, households can spend very low amounts of money per month and the average payback period is more than seven years. The average access provided is Tier 2. Furthermore, most microgrids presented in this report rely heavily on grant funding and equity investment. If an increase of microgrid investments is to take place, commercial lending will also have to play an important role. Finally, it is important to note the 50-50 split between generation (which includes storage and power electronics) and distribution (poles and cables). This is due to the declining costs of photovoltaics and batteries, whereas the cost of poles and cables has remained practically unchanged.



It is evident that new business models need to be developed and utilized if an increase in electricity access is sought. Digital technologies offer various tools for cost decrease and their use by investors is increasing. The use of pay-as-you-go models, coupled with the internet of things, blockchain technologies, and mobile money is increasing [30]. There is a need, though, to target electrification activities that can also increase economic activity in the area [31]. This is the only path to enabling the electricity consumers to pay for more electricity and, as such, to increase the income for the microgrid operators, because it is acknowledged that revenue collection is one of the biggest challenges in the operation of microgrids [32]. In order to achieve this, there is a need to power appliances, devices, and equipment directly associated with economic development. These include water pumping, water desalination, refrigeration, space heating and cooling, incubators for poultry farming, milking machines, rice and maize hullers, polishers, threshers, graters, grain mills, oil presses, tailoring, workshop machinery (e.g., drills, chainsaws, rotary hammers, grinders, jigsaws, routers, etc.), and hairdresser equipment, among others [33]. Many studies have demonstrated that one of the short-term gains of rural electrification is related to increased agricultural income [20,21,34,35], showcasing that agriculture related load electrification needs to be a priority. Furthermore, experience from Asia (Bangladesh, Nepal, and Myanmar) and the USA has shown that the involvement of socially oriented cooperatives can also play an important role in rural electrification, acknowledging the fact that they can provide electricity with lower profit margins than the private sector, as long as the policy and regulatory frameworks are facilitating this involvement [20,35,36].



In Sub-Saharan Africa there are some good examples, initiated by the private sector, of linking electrification activities with agriculture. JUMEME (www.jumeme.com) is a private sector driven microgrid electrification program based on strong community engagement in the increased productive uses of electricity [37]. JUMEME aims to create value chains that can increase local income and in turn allow the local population to afford electrification, both for productive and household use. In one location, rice is grown, and JUMEME aided the local farmers to access financing in order to install water pumps to allow for irrigation [38]. An important aspect of this approach is that it is initiated by the private sector whose aim is to sell electricity [38].



In this paper, a new approach to the financing of microgrid electrification activities in Sub-Saharan Africa is proposed and investigated. In this approach, agriculture related businesses and cooperatives take the lead in the electrification activities of the surrounding communities. The aim of this work is to demonstrate that the high cost of electrification can be met through the increased value of locally produced products and, in parallel, internal cross-subsidization can take place in order to decrease the cost of household electrification. The proposed paradigm shift and the possibility of local agricultural cooperatives leading the electrification activities are investigated and presented through a case study implementing Rwanda conditions. The study is deployed according to the following steps:




	
Step 1. A microgrid is designed that meets the electrification needs of the households of the typical village considered. Through this investigation, the levelized cost of electricity (LCOE) is determined. A sensitivity analysis takes place in terms of the maximum allowed annual capacity shortage, the loads not met, and the electricity lost.



	
Step 2. A microgrid is designed to meet the needs of both the households and also a deferrable load. In the focal case study, the deferrable load considered is maize milling to produce flour.



	
Step 3. The possibility of an agricultural cooperative investing in a mill powered by a photovoltaics (PV)/battery system in order to be able to sell maize flour instead of dry maize is considered.



	
Step 4. An investigation takes place on whether the cooperative system can be extended to a microgrid to power the local households.









2. Materials and Methods


2.1. Case Study Assumptions


For the case study purposes, a typical village in Rwanda with 100 households was considered. This translates to roughly 550 inhabitants [39]. The meteorological data of the capital city of Kigali were used. It was assumed that the main agricultural activity in the area was maize production. In fact, over 65% of the farmers grow maize in Rwanda for both household consumption and commercial sale to traders and millers. Moreover, Rwanda is a net importer of maize grain and net exporter of maize meal [40]. Based on data derived from [39] and personal communication information, the maize value chain map in Rwanda is presented in Figure 1. As is visible, farmers usually sell fresh or dry maize. The annual cultivated area and the total and unit area yield for the past decade, according to FAO/FAOSTAT data, are listed in Table 4. The average maize farm size in Rwanda is 0.6 ha [41]. The average annual maize flour consumption in Rwanda is between 50 and 129 kg per capita [42]. Based on the above data, for the considered case study the consumption per capita of maize flour is considered as 100 kg y−1.




2.2. Simulation Software, Assumptions and Parameters


The HOMER Energy Legacy v.2.68 software (HOMER Energy, Boulder, CO, USA) was used to perform the simulation and optimization process and the economic analysis in the cases investigated. This particular software was chosen as it is a free-to-use tool.



The consumption load of the 100 households is considered in line with Tier 2 access. Figure 2 presents the created hourly synthetic profile and Table 5 presents key power and energy data for the appliances used and the total needs of the 100 households. It has to be noted that super energy efficient appliances were considered. In order to add realism to the simulation, and because the predicted load profile, even based on surveys, is often not accurate [43,44], random variability was applied to this profile under a 5% random variability from day-to-day and a 5% variability from hour-to-hour. The operating reserve variables present in HOMER were set to 5% of the hourly load, 0% of the peak load, and 25% of the solar power output. This choice of variables offers a degree of balance between having a low-cost system and reliability of supply. It has to be highlighted that, for Tier 2 access, there are no restrictions in terms of reliability (see Table 1). The system topology chosen is that of an AC low voltage, single phase microgrid. This is presented in Figure 3. High quality power electronics, photovoltaic panels, and LiFePO4 batteries were used. It has to be noted that the battery was not allowed to deep discharge below a 10% state of charge in order to prevent premature aging and need for replacement. When reaching a 10% state of charge, all loads were disconnected until the battery was charged again. The related cost elements used in the simulations, as presented in Table 6, were in line with real market prices in Rwanda for 2019. Furthermore, a sensitivity analysis was carried out for different levels of annual capacity shortage to evaluate its effect on the levelized cost of electricity and load not met. The techno-economic investigation horizon was set to a 20-year period. Finally, the real interest rate for Rwanda for the year 2018 according to World Bank data was adopted, which was recorded as 17.9%.





3. Systems Sizing and Economic Investigation of Rural Electrification


3.1. Step 1: Sizing of a System to Meet the Household Needs


A microgrid is designed to meet the electrification needs of the households of the typical village considered. Through this investigation, the levelized cost of electricity is determined. A sensitivity analysis takes place in terms of the maximum allowed annual capacity shortage, the loads not met, and the electricity lost. The results of the optimizations are presented in Table 7.



Intermediate conclusions from the results are listed below:



The lowest LCOE is observed for Case 1.2. This is understandable because, subsequently, the system operator sells less kWhs. In Case 1.1, the LCOE is higher because, even if more kWhs are sold, the cost of the system is considerably higher.



An investor would most probably choose Case 1.2 because it has almost the same CAPEX as Case 1.3, but lower LCOE than all the other cases.



In all cases, electricity is lost because it is not cost-effective to store it. Figure 4 graphically presents the cumulative served load, the unmet load, and the excess load throughout the year. The excess load is simply discarded and, thus, wasted. The most important highlight of this is that the wasted energy from the system is much higher than the utilized electricity.



	-

	
Figure 5 presents two typical days of the year for Case 1.2, which further showcase how the system operates under excess power and unmet load. On July 1st, the solar irradiation is low and, as such, the PV produced power is low. The battery bank starts at 15% state of charge. The morning load is able to be met by the PV production and the battery, and even though the PV production is low throughout the day, the load is met until the evening. From then on, the battery reaches 10% state of charge and all loads are disconnected. The load is going to be served again when the battery gets charged by the PV array. On the 22nd of October, the PV array produces power from early in the morning until late in the evening. The battery gets full and is able to meet the load in the evening hours when the sun has set. For almost seven hours, the battery remains full, and during this time the produced power is lost because there is no extra storage capacity.




	-

	
The LCOE is extremely high in all cases and it is very difficult to sell electricity at that price. For reference, grid kWh for Rwanda is sold between 0.12 € and 0.18 €.




	-

	
Such an investment would need a high amount of grant money to cover the CAPEX in order to become viable.







The most important outcome of this analysis is the high cost of electricity and the high amounts of electricity wasted. The most common solution used to address this is to be able to connect a deferrable load to the system, such as a water pump, an ice making machine, etc. In the next step of this study, a deferrable load in the form of a maize mill will be considered.




3.2. Step 2: Addition of a Deferrable Load


A commercial high efficiency mill targeted for rural areas of the developing world was considered for the case study. This mill can process 30 kg of maize per hour to produce flour with a consumption equal to 1.1 kW when in operation. The cost of this mill, along with the supporting structures to allow easy supply of maize and storage of the produced flour, is considered to be 10,000 € and is in line with market costs for off-grid high efficiency mills.



Based on the data and assumptions made in Section 2.1, a 55 t consumption of maize flour takes place at the village. The mill cost is assumed to be an investment of an agricultural cooperative or a private sector business, which will buy electricity from the microgrid operator. The same analysis as in Section 3.1 takes place, and the results are presented in Table 8.



Based on the results, the following can be extracted:




	-

	
The LCOE is able to drop to ~1.8 € kWh−1, which is considerably lower than the systems that supplied electricity only to households in Step 1.




	-

	
For Case 2.2, the excess electricity is 5.29%, so a significant improvement is observed in relation to the systems that targeted only households.




	-

	
For Cases 2.4 and 2.5, almost all of the produced electricity is consumed; however, there is a high percentage of unmet load. As such, the LCOE increases.




	-

	
An investor would most probably choose Case 2.2 because it has the lowest LCOE than all the other cases.




	-

	
Considerably less electricity is wasted from the system using a deferrable load. Figure 6 graphically presents the cumulative served load, the unmet load, the excess load, and the deferrable load throughout the year for Case 2.2. As can be seen, much less energy is wasted in comparison with the system from Step 1.









	-

	
Figure 7 presents two typical days of the year for Case 2.2, which further showcases how the system operates under excess power and unmet load. July the 1st is a day with low PV production, and the performance observed is comparable with the system in Step 1. As is expected, the deferrable load is not activated at all during this day. On the 22nd of October, the PV array produces power from early in the morning until late in the evening. The battery gets full and is able to meet the load in the evening hours when the sun has set. The deferrable load is activated for 9 h and, as such, much less electricity is wasted in comparison with the system in Step 1.







It is understandable that, with further optimization (e.g., demand side management, variable tariffs, and different tariffs to different customers), a microgrid investor can push the LCOE down even further to approximately 1.5 € kWh−1. Given that access to grant funding is available, these results are in line with the results presented in Table 3. The business models, as in the JUMEME case presented in Section 1, aim to ensuring that enough productive use and deferrable loads are present in remote locations, along with the ability to pay for the electricity consumed, which, in the end, make the rural electrification investment viable.




3.3. Step 3: Agricultural Cooperative Business Expansion


In many areas of the developing world, cooperatives are looking to expand their activities and to produce higher value goods in rural areas in order to increase their income. For example, as presented in Figure 1, drying takes place in rural areas to prepare dry maize before selling it to traders. This section investigates the possibility of the cooperative producing flour on-site. In 2019, the price of maize, fixed by the Rwandan Ministry of Agriculture, was 200 RWF per kilo, which is ~0.20 €. At the same time, the price of maize flour was at 550 RWF per kilo, which is ~0.54 €. A cooperative could invest in a mill to produce flour.



An autonomous system is designed to produce the electricity needed by the mill, and the overall investment is evaluated. The production of maize in the village is considered to be 115 t based on the assumptions in Section 2.1. An assumption is made that flour is produced throughout the year, as dry maize can be stored on the cooperative premises. Since the system is designed for commercial purposes, the load has to be continuously met. The optimal system design, which includes the cost of the mill, as calculated by HOMER, is presented in Table 9. Figure 8 presents the cumulative served, unmet, and wasted load throughout the year.



With the system above, the cooperative, instead of selling the dry maize for 23,000 €, would sell maize flour for 62,100 €, so the profit would increase by 70%. As the CAPEX of the system is 44,519 €, the simple payback period for this investment is less than two years. As is understandable, such an investment is very profitable and could boost the economic activity of rural areas considerably, improving the livelihood of the local population. Because of the considerable socio-economic benefits of such investments, in recent years, the interest in using renewable energy for decentralized solutions in the agri-food chain has been rising [47].



Still, as is clearly visible, such a system is characterized by very high excess electricity throughout the year. Figure 8 clearly showcases this, as the wasted power is roughly the same as the utilized electricity. At the same time, as was expected by the design constraints, there is practically zero unmet load throughout the year.



In reality, the cooperative does not care about the actual cost of the kWh because the system on a whole is built to process maize and produce flour. The increased value of flour in reality can allow high electricity costs because electricity, in this case, is just an intermediate good.



The next and final step investigates household electrification activity by the agricultural cooperative.




3.4. Step 4: The Local Agricultural Cooperative as the Village Household Electrification Investor


In this step, the option to include village household electrification to the system used for milling by the agricultural cooperative is investigated.



Firstly, a technical investigation takes place to see if the electricity system designed in Section 3.3 can also provide electrification to households, as it presents very high excess electricity. In this example, the only extra cost the cooperative would have to invest in is the grid infrastructure of the village, which is estimated for this case study at 10,000 € [29]. The results of this simulation are presented in Table 10.



The simulation shows that the unmet load to the households will be 462 kWh per year, which translates to ~18% of the household consumptions (it is comparable to Case 1.4 in Section 3.1).



This is in line with Tier 2 access, as presented in Table 1. This is further showcased in Figure 9. However, there is a high excess of electricity observed in this example, which could be utilized further, decreasing the unmet load to the households through the implementation of an advanced energy management system.



Moreover, the LCOE is the lowest observed in all the systems analyzed in this study, at 1.555 €/kWh. Given the very high profitability of the mill investment, as presented in Section 3.3, and the fact that a cooperative is essentially a union of the local population, it is relatively easy to develop a business model for the provision of electricity to local households at very low cost. Essentially, a cross-subsidy between the agricultural activity and the household electrification can take place. Furthermore, the increased income of the farmers due to the mill can lead to further investments in the area, such as, for example, an expansion of the microgrid to increase the tier access provided.





4. Environmental Benefits of Decentralized Agricultural Activity


Maize flour production on a local basis would result in increased income for the farmers/cooperative members, as was described in Section 3.3. This, in turn, would give them the opportunity to invest in technology and advanced techniques of production resulting in higher yields for the same acreage. This would make it possible for the cooperative to either strengthen its relationship with large mills, thus gaining higher grain prices, or increase the milling capacity by adding small scale mills on a modular basis (keeping the same mill type and capacity in each upgrade and adding units). The energy producing system would also increase accordingly, providing the village with the ability to increase its tier in electricity access.



Furthermore, such an activity would also reduce the amount of maize grain that centralized large mills are currently processing and result in less environmental impact through reduced energy consumption and GHG emissions. Such facilities are based on grid electricity that, 47.2% of the time in the case of Rwanda, comes from fossil fuels [48]. According to Energy Experts International, conventional mills of European standard, based on their capacity and size, require 361–1186 MJ t−1 for flour production [49]. If the solar mill considered in Section 3.2 is used for local flour milling, then the energy required will reach 132 MJ t−1, reducing it by 63–89%, not taking into account the possible energy needs involved in grain transportation to the centralized mill. In addition, if we take into account the UN standardized baseline Rwanda grid emission factor of 0.767 kg CO2eq per kWh [50], then the centralized mill produces directly 76.7–253 kg CO2eq per ton of produced flour, while the solar decentralized system has zero direct GHG emissions. Therefore, for the 115 t that the village presented above produces, the energy use reduction would reach 26.3–121.2 GJ, and the environmental benefit would be 8.82–29.1 tCO2eq (equivalent to 1.9–6.3 regular passenger cars on an annual use basis [51]). This energy surplus could be used for several purposes, either for other industrial needs or to provide electrification to urban and peri-urban populations; the urban access to electricity figure for Rwanda in 2018 was 69%. In the hypothetical, but technically possible, scenario of replacing 10% of industrial maize processing with local solar mills, then 6.760 t y−1 of processed maize [52] would be processed locally, and about 515–1.710 tCO2eq in total would not be emitted (equivalent to 112–372 regular passenger cars on an annual use basis).




5. Discussion


It has been demonstrated that rural electrification is a key enabler, facilitator, and driver for sustainable development of rural areas of the developing world. It is also acknowledged that the most important economic sector for these areas is agriculture because, as a first step, they can provide the food needed by the local population and, as a next step, can stimulate economic activity and development. Rural electrification is challenging, and it is difficult to have viable profitable investments.



It is widely acknowledged at this point in time that private investment is needed in order to provide electricity to people living in rural areas of the developing world [53]. Development partners like the World Bank [54], the European Union (EU) [55] and the USA [56] are providing financing schemes to innovative business models related to rural electrification. Moreover, support for developing new policy models has also been heavily supported. The EU, through its Technical Assistance Facility for Sustainable Energy, has developed the “Guidelines for Institutional and Policy Model for Micro-/Mini-grids” for the benefit of the African Union Commission [57], which includes provisions that facilitate innovative business models for rural electrification, including the model proposed in this paper. Furthermore, community based models have also been investigated because they can increase community engagement, address some of the challenges faced by other business models, and be able to offer more socio-economic benefits to the local community [58]. Technological advancements can indeed decrease overall costs, contributing to the viability of rural electrification investments. This has been acknowledged, and upcoming innovative financing schemes like the Digital Energy Facility by Agence Française de Développement (AFD) and the EU have this at their core [59]. The most advanced business models in rural electrification, such as the JUMEME example that was presented in the introduction, have rural electrification companies at their center and are trying to develop the electricity needs of the local population in order to be able to sell more electricity and ultimately ensure the viability of the electrification investment.



Going beyond the state-of-the-art and building upon the lessons learned, the case study of this work shows that there is another way possible, which can address some of the challenges faced and eventually ensure that two targets are met at the same time; stimulation of economic activity through the electrification of productive loads mainly related to agriculture on one hand, and provision of household electrification utilizing agricultural cooperatives as the project owner on the other. The definition of a cooperative according to the International Cooperative alliance is “Cooperatives are people-centred enterprises owned, controlled and run by and for their members to realise their common economic, social, and cultural needs and aspirations” [60]. While cooperatives were initially introduced in Africa as part of colonial economic policies, since the 1980s, structural changes and legal battles have taken place in order to minimize government interference towards independence and further growth [61]. Significant promotion of agricultural cooperative producer structures has been observed and is considered as an important way forward [62]. Agricultural cooperatives can indeed be one of the vehicles for promoting sustainable rural development.



As was showcased in Section 3, if an autonomous electricity system based on photovoltaics is sized to meet the needs of a commercial load, such as milling, large amounts of energy are wasted. This is due to the fact that production of electricity is much cheaper than storing it and it makes economic sense to have increased installed power to meet the load during, for example, cloudy days than to store electricity produced during sunny days. As presented in Figure 8, almost half of the produced electricity is discarded because it does not make economic sense to store it. This discarded electricity can be used to provide Tier 2 household electrification to the villagers. The actual cost for supplying this electricity to households is linked to the microgrid infrastructure. It is also understandable that almost all of the households will be members of the agricultural cooperative of the village. They can decide to use part of the agricultural profits for cross-subsidization of their households’ electrification. This is fully in line with the spirit of cooperatives, citing from [60] “Putting fairness, equality and social justice at the heart of the enterprise, cooperatives around the world are allowing people to work together to create sustainable enterprises that generate long-term jobs and prosperity. Cooperatives allow people to take control of their economic future and, because they are not owned by shareholders, the economic and social benefits of their activity stay in the communities where they are established.”



It has to be noted at this point that the selected case study applies to Rwanda, but comparable results are expected to be obtained in all East African countries in terms of decentralized maize flour production because the maize markets in these countries have many similarities [41]. Agriculture related productive loads applicable to remote areas of Sub-Saharan Africa, though, are not limited to on-site flour production. Pumping water for irrigation has been proven to be one of the best interventions for increased production and consequent farmers’ income increase [63]. Small scale palm oil processing has proven to be profitable [64]. Ice makers can allow communities near the sea or a lake to store fish for longer periods of time; this in turn leads to increased fish sales and, consequently, increased income for these communities [65]. Rice threshers can also be powered by off-grid systems to provide benefits to remote farms [66]. The list of agriculture related productive loads that can be powered by rural electrification system is extensive [33]. This means that the proposed business model can be applied anywhere in Sub-Saharan Africa where an agricultural cooperative is active and profitable post-harvest processing of the agriculture produce is possible.



The proposed business model has further benefits because rural electrification provision companies can offer their services as subcontractors and not have to undertake a much more extended role, as in the JUMEME example presented above, by utilizing available resources more effectively. Moreover, since agricultural electrification investments have really low payback periods (in the above case study, it was less than two years) it can be relatively easy for the cooperatives to get access to development financing and treat the household electrification component as a side-product for the benefit of their community on the path to achieving sustainable development.




6. Conclusions


Electrification of agriculture is one of the main drivers for improving agricultural production and income of local farmers. Such investments have very low payback periods for the developing world and also present multiple site-benefits, such as reduced immigration to the big cities and abroad, creation of new jobs, increase of income, improvement of living conditions, and, ultimately, poverty alleviation.



The electrification of households is a challenging investment, as can be seen in Section 3.1. This is why the electrification of productive uses of energy has been proposed throughout the last decade in order to make both the electrification investments viable and improve the socio-economic conditions of these areas. Even with new digital technologies and business models developed in the last few years, it is very difficult to deploy viable microgrid investments through only commercial lending.



With the aid of digital technologies, it is easy to understand that the profits presented by agricultural electrification are so high, they can actually cross-subsidize household electrification. If the agricultural cooperatives and businesses becomes the main investor in a household electrification activity and this is considered a part of an agricultural electrification investment, it is possible to see higher electrification rates in the short term. This approach is fully in line with the guidelines for institutional and policy frameworks for microgrids that have been adopted by the African Union Commission and are also fully in line with the policy and regulatory frameworks of many Sub-Saharan African countries.



This paper provides justification for why such business models need to be developed further, applied, pilot tested, and evaluated in Sub-Saharan Africa.
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Figure 1. Maize value chain map in Rwanda. 
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Figure 2. Load profiles. 
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Figure 3. Microgrid topology. 
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Figure 4. Step 1 cumulative served, unmet, and excess load. 
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Figure 5. Hourly power figures of two typical days for Step 1. 
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Figure 6. Step 2 cumulative served, unmet, excess, and deferrable load. 
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Figure 7. Hourly power figures of two typical days for Step 2. 
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Figure 8. Step 3 cumulative served, unmet, and excess load. 
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Figure 9. Step 3 cumulative agricultural, households served, unmet, and excess load. 
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Table 1. Access Tier attributes.






Table 1. Access Tier attributes.





	
Attributes

	
Tier 0

	
Tier 1

	
Tier 2

	
Tier 3

	
Tier 4

	
Tier 5






	
Peak available capacity (W)

	
-

	
>3

	
>50

	
>200

	
>800

	
>2000




	
Duration (h)

	
-

	
≥4

	
≥4

	
≥8

	
≥16

	
≥23




	
Evening supply (h)

	
-

	
≥1

	
≥2

	
≥3

	
≥4

	
≥4




	
Reliability

	
-

	
-

	
-

	
-

	
Max 14 disruptions per week

	
Max 3 disruptions per week of total duration <2 h




	
Quality

	
-

	
-

	
-

	
-

	
Voltage problems do not affect the use of desired appliances




	
Affordability

	
-

	
-

	
-

	
Cost of a standard consumption package of 365 kWh y−1 <5% of the household income




	
Legality

	
-

	
-

	
-

	
-

	
Bill paid to the utility, pre-paid card seller, or authorized representative




	
Health and Safety

	
-

	
-

	
-

	
-

	
Absence of past accidents and perception of high risk in the future








Source: Bhatia M., Angelou N., “Beyond Connections—Energy Access Redefined”, 2015, ESMAP, World Bank.
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Table 2. Services provided in each Tier.
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	Tier 0
	Tier 1
	Tier 2
	Tier 3
	Tier 4
	Tier 5





	-
	Task lighting

AND

Phone charging
	General Lighting

AND Phone charging

AND Television AND Fan (if needed)
	Tier 2

AND

Any medium-power appliances
	Tier 3

AND

Any high-power appliances
	Tier 2

AND

Any very high-power appliances







Source: Bhatia M., Angelou N., “Beyond Connections—Energy Access Redefined”, 2015, ESMAP, World Bank.
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Table 3. Summary of findings of Benchmarking microgrids in Sub-Saharan Africa.
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	Indicator
	Value





	Monthly Average Revenue per user
	7 USD



	Average Investment per user
	920 USD



	Tier 2 Average Residential Consumption
	11 kWh m−1



	Average Generation Capacity
	34 kW



	Average Number of Connections
	~100



	A/C vs. D/C
	85% vs. 15%



	Operational Expenditure (OPEX) as a % of revenue
	58%



	Capital Expenditure (CAPEX) payback period
	>7 years



	Split of CAPEX spending on distribution vs. generation
	50% vs. 50%



	Average Distance from National Grid
	23 km







Source: International Finance Corporation World Bank Group (WBG). Benchmarking Mini-grid Distribution Companies (DESCOs) 2017 update–Summary of Findings. (2018).













[image: Table] 





Table 4. Maize yield in Rwanda for the past decade.
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	Year
	Cultivated Area (ha)
	Production (t)
	Yield (t ha−1)





	2008
	144,896
	166,853
	1.15



	2009
	147,129
	286,946
	1.95



	2010
	184,658
	432,404
	2.34



	2011
	223,414
	525,679
	2.35



	2012
	253,698
	573,038
	2.26



	2013
	292,326
	667,833
	2.28



	2014
	233,150
	583,096
	2.50



	2015
	241,713
	370,140
	1.53



	2016
	237,658
	374,267
	1.57



	2017
	297,447
	358,417
	1.20



	Average
	225,609
	433,867
	1.92







Source: FAO/FAOSTAT.
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Table 5. Key consumption data.
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Parameter

	
Value

	
Notes






	
Lighting

	
2 W

	
Three LED lamps were considered for each household




	
Cell phone charging

	
5 W

	
Typical USB charger




	
Television

	
15 W

	
In line with the consumption of 19–22 inch TVs that won the Global LEAP awards [45]




	
Radio

	
2 W

	
Typical energy efficient radio




	
Min Power

	
0 W

	
For 100 households




	
Max Power

	
2100 W




	
Average Power

	
291.67 W




	
Energy per day

	
7000 Wh
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Table 6. Cost data.
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	Cost Category
	Cost





	Photovoltaic panels, including inverter cost for AC microgrid topology.
	0.750 € Wp−1



	Grid forming inverter cost
	3500 €



	Transportation and installation cost
	5000 €



	AC and DC equipment including cabling, equipment, appliances, consumables etc.
	8000 €



	Supplementary costs (e.g., fencing)
	2000 €



	Smart meters/monitoring system
	5000 €



	LiFePO4 batteries
	600 € kWh



	Operation and Maintenance cost
	1% of Capital Expenditure (CAPEX) [46]



	Grid infrastructure cost
	10,000 €
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Table 7. Household electrification results.
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Case No

	
Annual Capacity Shortage Allowed

	
PV (kWp)

	
Batteries (kWh)

	
CAPEX (€)

	
OPEX (€)

	
Net Present Cost (€)

	
Levelized Cost of Electricity (€ kWh−1)

	
Unmet Load

	
Excess Electricity




	
kWh∙y−1

	
%

	
kWh∙y−1

	
%






	
1.1

	
0%

	
3.75

	
7.68

	
40,921

	
449

	
43,335

	
3.164

	
1.8

	
0.1

	
2670

	
48.2




	
1.2

	
5%

	
2.75

	
5.12

	
38,635

	
440

	
41,000

	
3.131

	
113

	
4.5

	
1321

	
32.5




	
1.3

	
10%

	
2.25

	
5.12

	
38,260

	
433

	
40,587

	
3.196

	
187

	
7.3

	
664

	
20




	
1.4

	
20%

	
3

	
2.56

	
37,286

	
441

	
39,659

	
3.526

	
457

	
17.9

	
2093

	
47.3




	
1.5

	
30%

	
1.75

	
2.56

	
36,349

	
421

	
38,611

	
3.862

	
689

	
27

	
504

	
19.5
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Table 8. Household electrification with deferrable load results.
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Case No

	
Annual Capacity Shortage Allowed

	
PV (kWp)

	
Batteries (kWh)

	
CAPEX (€)

	
OPEX (€)

	
Net Present Cost (€)

	
Levelized Cost of Electricity (€ kWh−1)

	
Unmet Load

	
Excess Electricity




	
kWh∙y−1

	
%

	
kWh∙y−1

	
%






	
2.1

	
0%

	
5

	
7.68

	
41,858

	
458

	
44,320

	
1.811

	
3.7

	
0.1

	
2518

	
34.1




	
2.2

	
5%

	
3.25

	
5.12

	
39,010

	
439

	
41,369

	
1.809

	
156

	
3.54

	
254

	
5.29




	
2.3

	
10%

	
4

	
2.56

	
38,036

	
450

	
40,454

	
1.824

	
416

	
9.2

	
1536

	
26




	
2.4

	
20%

	
2.25

	
2.56

	
36,724

	
421

	
38,986

	
2.377

	
683

	
18.3

	
61.1

	
1.8




	
2.5

	
30%

	
1.75

	
2.56

	
36,349

	
413

	
38,571

	
3.087

	
778

	
25.1

	
56.9

	
2.2
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Table 9. Results of the Mill system.
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PV (kWp)

	
Batteries (kWh)

	
CAPEX (€)

	
OPEX (€)

	
Net Present Cost (€)

	
Levelized Cost of Electricity (€ kWh−1)

	
Unmet Load

	
Excess Electricity




	
kWh y−1

	
%

	
kWh y−1

	
%






	
6.5

	
10.24

	
44,519

	
490

	
47,153

	
1.821

	
3.15

	
~0

	
4610

	
48











[image: Table] 





Table 10. Results of the Mill system also serving households.
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PV (kWp)

	
Batteries (kWh)

	
CAPEX (€)

	
OPEX (€)

	
Net Present Cost (€)

	
Levelized Cost of Electricity (€ kWh−1)

	
Unmet load

	
Excess Electricity




	
kWh y−1

	
%

	
kWh y−1

	
%






	
6.5

	
10.24

	
54,519

	
600

	
54,519

	
1.555

	
462

	
6.3

	
2247

	
23.4












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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