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Abstract

:

Techno-economic viability assessments of rural electrification projects, especially those that integrate renewable energy technologies, typically look at system design optimization that would yield the most favorable cost and investment scenarios. However, the true viability of these projects relies more importantly on their impact to the rural communities while ensuring positive financial returns to the project developers. This paper aims to expand the viability assessment of electrification projects in off-grid island communities in order to mainly address the apparently opposing needs of the major stakeholders at play by developing a viability assessment framework considering the techno-economic dimensions as well as the socio-economic impacts to the consumers. The analysis follows a two-phase approach, where system design optimization and financial impact calculations are done in the first phase and the socio-economic viability is accomplished in the second phase. Results suggest that high capital investment for renewable energy has a better pay-off when there is higher demand for electricity. On the other hand, consumers also tend to receive higher economic benefit as they consume more electricity. However, the low income of rural consumers strains their capacity to pay, which necessitates their engagement in more economically-productive uses of electricity. The viability assessment framework can be a useful tool for both investors and consumers as this provides important insights which can be translated into impactful interventions that may include government support through improved policy implementation that can positively sustain electricity access in off-grid communities through renewable energy.






Keywords:


rural electrification; techno-economic viability; socio-economic viability; renewable energy; electricity access












1. Introduction


Electricity is regarded as a fundamental enabling component to the achievement of socio-economic growth and development such that global efforts are now directed towards last-mile connections in order to provide affordable, reliable, and sustainable universal access to the 840 million people who are still living without electricity [1,2]. The dilemma, however, is that most of the unelectrified households live in isolated and least developed regions that are deemed unviable to electrify. It has been recognized that the best option for more than half of the population without access to electricity is decentralized generation (i.e., microgrids or minigrids), ideally supplied from renewable energy (RE) sources [3]. Several studies have already explored the practical implementation of decentralized systems integrated with RE in increasing electricity access to certain developing regions [4,5,6,7], and even in developed countries like Ireland [8]. In the Philippines, over 2.7 million households still live in the dark [9]. The poor economic status of majority of these households is further exacerbated by their remote location as most of them live in small island villages that are financially and technologically impractical to electrify through grid extensions. Some electrified island villages simply rely on diesel generator sets to provide electricity for restricted hours while others have been more fortunate to secure financial assistance for bringing in renewable energy systems that provide them with longer access [10,11]. The enactment of Republic Act 9136 or the Electric Power Industry Reform Act (EPIRA) and the creation of the Missionary Electrification Development Plan (MEDP) has prompted the shift from a predominantly government-initiated electrification effort to an increased private sector participation in making electricity available, especially to remote and off-grid areas where grid extensions are not viable [12,13], necessating rural electrification projects to become financially-viable endeavors to attract private capitalization. It is widely recognized that we now have better technologies to support decentralized electricity generation, but there still remains a challenge especially on cost reduction, planning, better integration to local and national development pathways, and other technological barriers—such as system inefficiencies and weak electrical network infrastructure [14,15,16,17]. Several studies have also expressed the need to look beyond the cost of electricity or the optimal design derived from techno-economic analysis of rural electrification projects and consider how to efficiently provide electricity to low-income consumers while also attracting private capitalization [18,19,20]. However, most studies are still geared towards better development of technical parameters that yield the best design options [21,22,23], more often omitting the socio-economic impacts to the consumers.



This study aims to expand the viability assessment of providing 24-h electricity access to rural off-grid communities through the integration of renewable energy technologies by also considering the socio-economic impacts of increasing electricity access to rural communities. While the study performs an optimization analysis, the study does not aim to provide a new approach to electrification systems design and optimization or to load profiling methodologies. Instead, this study develops a framework to evaluate the viability of providing 24-h electricity access from the techno-economic and socio-economic perspectives in order to address the important needs and requirements of major stakeholders in an electrification project. The analysis follows a two-phase approach in order to determine the viability and sustainability of providing 24-h electricity access in off-grid island communities. First, the optimal system design is determined and techno-economic analysis is performed from a business perspective; and second, the design is evaluated for socio-economic viability considering pre-defined parameters. The framework is applied and tested in Pangan-an Island and validated in a solar photovoltaic implementation in Gilutongan Island. This paper is further divided into sections, where Section 2 presents a review of viability studies of rural electrification initiatives and Section 3 describes the research locale and the methodology. Section 4 presents the results of the techno-economic and socio-economic viability assessments, as well as the validation of the framework. Section 5 presents the discussion of results, which is geared towards the importance of providing programs to capacitate low-income household consumers in engaging in productive uses of electricity. Section 6 discusses the policy implications of the viability assessment results and conclusions are drawn in Section 7 of the paper.




2. Viability of Rural Electrification Initiatives


There is a perceived positive impact when 24-h electricity service is provided in rural communities that go beyond mere electricity service [24]. With access to electrification considered to be fundamental to social and economic development, increased access, especially during day-time use, paves the way for more productive activities that lead to income generation and social growth. Moreover, smart grid approaches such as broadband over power line (BPL) or power line communication (PLC) applications are seen to improve access to telecommunications and internet while also providing power through renewable energy sources in rural areas, further opening up these isolated communities to the world [25,26,27]. However, despite the progressive implication of 24-h electricity access in rural communities, there lies a question of whether or not it is a socio-economically viable endeavor to pursue, especially in poorer regions where daily living is not dependent on electricity use and where incomes are relatively low [28].



Costello (2018) highlighted the crucial role of consumers in the promotion and advancement of renewable energy in rural electrification projects, identifying the need to emphasize not just the long-term economic impacts of low electricity costs or the environmental impacts of transitioning to low-carbon sources but also the associated social benefits and individual economic efficiency to entice the market to embrace renewable energy [29]. Consumers in rural areas, with low demand and low incomes, tend to undervalue the future benefits of renewable energy developments due to its perceived high capitalization costs and are most likely to think of individualistic economic impacts instead of looking at the holistic consequences of shifting to renewable energy sources. This leads consumers to further make inefficient energy choices [30]. It is also argued that while electricity access leads to a certain improvement in domestic activities in rural areas, such as increased lighting and use of household comfort appliances, it does not have a distinctive impact on stimulating economic development as typical livelihoods in rural communities are not reliant on electricity [31]. Moreover, while households in rural communities might be keen to get connected, they might be deterred by their inferior socio-economic status and low incomes to consume electricity [32].



However, cost might not always be the highlighted issue of rural households where electrification is concerned. Consumers are also sensitive to other attributes of rural electrification systems and the viability of such projects also depends on whether these attributes are delivered or not. Issues such as reliability of connection and the quality of electricity are determined to be more influential factors in the viability of microgrid electrification [33,34]. In the electrification efforts in rural Mexico where solar home systems are deployed, household consumers expressed the importance of service levels and that system sizing options must be put in place to cater to potential increases in household demand [35].



Despite vigorous efforts in expanding rural electrification efforts, there are still unfavorable results. The inadequate understanding of the effects of electricity access on socio-economic attributes leads to poor planning and design [36]. Tariff setting and demand fulfilment are key factors that also dictate the proactive consumption of electricity users [37]. The socio-economic demographics of consumers—such as household expenditure, household size, and appliance ownership—should also play part in the projection of load demand [38]. Moreover, conventional approaches to rural electrification systems design need to be re-evaluated and design solutions must be conceptualized to achieve reliable, affordable, and sustainable electrification despite uncertain load development and very low demand [39]. While the estimation of load demand is considered crucial in the design and sizing of electrification systems [40,41,42], other factors related to the sustainability of electrification systems are also equally vital. Consequently, it is also important to ensure that policy interventions are in place, especially through financial measures such as subsidies and incentives, particularly when private sector investment is required [43].




3. Materials and Methods


3.1. Research Environment


Gilutongan and Pangan-an Islands are small islands located off the coast of Mactan Island in Cebu (see Figure 1). In 1999, Pangan-an Island (10°13′12″ N, 124°02′20″ E), an island barangay in Lapu-Lapu City, was a beneficiary of a Php 22-million 45 kWp centralized solar power facility donated by the Belgian government in coordination with the Lapu-Lapu City government and the Philippine Department of Energy [44]. Operated and maintained by a local cooperative called Pangan-an Island Community Cooperative for Development (PICCD), it provided 24-h electricity access to some of the island residents. However, in 2011, the facility discontinued its operations due to degradation of the solar modules and the battery storage systems with no replacements made [45]. Several issues have been considered for the electrification setback in Pangan-an, of which the definition of true electricity tariff and capacity of consumers to pay are at the forefront [44]. From the time of discontinued operations until the present, most of the island residents rely on the community diesel generator to provide four hours of electricity every night, with some residents installing their own solar home systems and others opting not to be connected to electricity at all. The residents connected to the 35 kW community diesel generator get electricity access from 6:00 pm to 10:00 pm at a cost of US$5 per 7 kWh consumption with a US$0.50 per additional kWh of consumption (roughly US$1.21 per kWh). The original facility is composed of 504 solar PV modules of 90 Wp capacity, 118 units of 2 V 1800 Ah lead acid batteries, 2 units of bespoke 12.5 kVA inverter, charge controller, and low voltage distribution system. At the time when 24-h electricity was provided to the island, the minimum load of 1 kW was recorded at 6:00 am and the maximum load of 10 kW was recorded at 7:00 pm [45]. There were previous plans to rehabilitate the solar PV facility, but these plans have not come to fruition.



Gilutongan Island (10°12′00″ N, 123°59′00″ E), an island barangay in Cordova, Cebu City, obtains electricity from a 194 kVA diesel generator donated by the Cebu provincial government in mid 2010s and requires a daily tariff of US$0.14 per light bulb and US$0.16 per power outlet. The diesel generator operates for 4 h every night and is maintained by the local government unit of the barangay. A 7.92 kWp solar photovoltaic system with a 28.8 kWh battery energy storage system was installed last March 2020, providing 24-h electricity to 11 household beneficiaries composed of 44 individuals. The solar PV system was installed on two rooftops located within the vicinity of the 11 households, with the electrical distribution system for the households also improved according to Philippine electrical standards. Each household pays a flat rate of US$0.4 per day provided that their daily consumption does not exceed 1 kWh, while an additional tariff is computed based on the rate of US$0.4 per kWh for any additional power consumed.




3.2. Research Methodology


Figure 2 presents the research framework. The viability assessment framework follows a two-phase strategy, where electrification projects are assessed according to the techno-economic and socio-economic viability. The techno-economic viability is primarily useful to project implementors or investors as this provides the financial standpoint of the project. The socio-economic viability is targeted toward the consumers and how end users can benefit from the project and could also be helpful for project implementers in defining project parameters. With this strategy, the major stakeholders and their respective needs and requirements are recognized and given equal importance. Electricity consumption data for Pangan-an Island was obtained through a survey of selected households. One hundred ninety-seven households were surveyed in Pangan-an, a representative sample of the 405 households living in the community [46]. The techno-economic assessment is done using optimization results derived from simulation and calculating financial returns, and the socio-economic assessment is done through calculations of the economic benefit and capacity to pay. Validation, in terms of techno-economic and socio-economic viabilities, is done considering actual data obtained from the solar installation in Gilutongan Island.




3.3. Load Profiling


The daily load demand profile for Pangan-an Island corresponds to the projected future demand of the households obtained through the survey. Because only a sample of the households was surveyed, total electricity usage for each appliance (Ea) was computed based on the proportion of respondents projected to use certain appliances over a given period of time, as shown in Equation (1)


   E a  =  (  N ∗  m n   )  ∗    (  P ∗     ∑   x = 1  m   t x   m   )   



(1)




where    (  N ∗  m n   )    refers to the proportion of the respondents projected to use the appliance multiplied to the total population of the island with m referring to the number of households responding to use the appliance, n referring to the total sample population, and N referring to the total population of the island; P refers to the wattage of the appliance; and       ∑   x = 1  m   t x   m    refers to the average number of hours of usage per appliance per household [47].



Two load demand profiles were created for 24-h consumption, considering load with fridge and load without fridge. The load demands were generated corresponding to the economic profile of the households with consideration that each economic profile will purchase and use different types of appliances with different power requirements. Three income classifications were considered: lowest income bracket corresponding to poor households earning less than US$160 (Php 8000) per month; middle income bracket corresponding to low-income households earning between US$160 (Php 8000) to less than US$300 (Php 15,000) per month; and the highest income bracket corresponding to lower middle-income households earning between US$300 (Php 15,000) to less than US$600 (Php 30,000) per month. The income groups were based on the profile of income classes in the Philippines by Albert, et al. (2019) of the Philippine Institute for Development Studies [48].




3.4. Techno-Economic Viability Assessment


The techno-economic viability assessment looks at the levelized cost of electricity, investment requirements, and financial returns. Optimization of the electrification system using HOMERPro, a software typically used in studies involving off-grid systems [49,50], is done for Pangan-an Island. Input parameters are the load demand profile, technical components, economic components, and the solar resource since only solar PV is considered. The optimization considers solar energy and diesel generator set as the primary sources of electricity. Battery energy storage system (BESS) is integrated into the design configurations. The technical components considered in the simulation are independent of the existing components of the decommissioned facility of the island. The solar PV module is Canadian solar—a flat-plate, monocrystalline panel with 290-watt peak power. The inverter is a Fronius Symo 24.0-3 and the battery is Trojan SAGM 12 75, 12 V with 1.99 kWh capacity. The diesel generator set is a 30 kW Kohler generator. The inflation rate between a one-year period covering June 2019 to May 2020 ranged from 0.8% to 2.9% [51]. The average for this 12-month period is 2.05% and this average is considered as the inflation rate in the simulation. The latest interest rate published by the Bangko Sentral ng Pilipinas (BSP) from April 2020 is already with consideration from special circumstances brought about by the COVID-19 pandemic, thus the base nominal rate considered in the study is the one published by BSP in December 2019 at 4.0% [52]. The island sources out its diesel from the mainland at US$0.90 (or Php 45) per liter. Systems fixed capital cost includes installation, transportation, and other incidental costs related to the implementation of the system. Exchange rate is assumed to be Php 50 to US$1.00.



The financial parameters used in the viability analysis are the payback period and return on investment. Although HOMERPro computes these parameters, the computation relies on the levelized cost of electricity (LCOE), which is just the break-even value of the investment [53]. It is necessary for investors to realize a profit margin, so in this analysis, the parameters are computed based on the cash flows generated from the simulation, on a tariff set at LCOE plus profit margin, and on equations provided below [54]. The profit margins are set at 10% and at 20% of LCOE, which are arbitrary and are defined for the sake of comparing one system from the other. Payback period is computed considering uneven cash flows and the equation


  P a y b a c k = A +  (   B C   )   



(2)




where A = the last year with a negative cumulative cash flow, B = the absolute value of the cumulative cash flow at year A, and C = total cash flow at year A + 1. The modified return on investment (ROI) is computed considering net cash inflow instead of net income per the equation


  R O I =  (    A v e r a g e   n e t   c a s h   i n f l o w   I n i t i a l   i n v e s t m e n t   × 100 %  )   



(3)




where the average net cash inflow is computed from the nominal cash flows and the initial investment is the initial capital corresponding to the load scenario.




3.5. Socio-Economic Viability Assessment


The socio-economic viability assessment computes for the economic benefit of increased electricity access and the capacity to pay of consumers. Figure 3 shows the details of the framework for the assessment.



The National Rural Electric Cooperative Association (NRECA) defines economic benefit, in terms of electrification, as the monetary benefit that the consumers receive from the use of electricity as compared to using their current energy alternatives [55]. In this study, economic benefit is computed as the benefit of providing 24-h electricity access through hybridization with renewable energy technologies. Economic benefit is computed per Equation (4) derived from NRECA (2010) and Choynowski (2002) [55,56]


  D =  [   Q a  ×  (   P a  −  P e   )   ]  +  [   (     P a  −  P e   2   )  ×  (   Q e  −  Q a   )   ]   



(4)




where D = economic benefit of providing 24-h electricity access, Pe = price of 24-h electricity per kWh, Pa = price of current electricity system per kWh, Qe = consumption of electricity at 24-h access, and Qa = consumption of electricity at less than 24-h access. The electricity consumption values are based on the load profiles and the price of 24-h electricity is based on LCOE plus profit margin.



The capacity to pay is defined as the consumers’ ability to pay the calculated electricity cost. It is analyzed according to the current economic status of the respondents and their expressed level of consumption. A consumer is considered capable of paying if the electricity cost is less than 5% of the household gross income as defined by the World Bank [57]. The capacity to pay is computed per Equation (5)


  C t P =  (    C O E × E  C a    H  I a     )  × 100 %  



(5)




where COE = cost of electricity, ECa = average daily electrical consumption (EC) per household belonging to a given income classification (a), and HIa = average daily income per household belonging to a given income classification (a). The cost of electricity is as defined in the techno-economic assessment where arbitrary profit margins of 10% and 20% are applied to the LCOE. The average daily electrical consumption per income class is based on the projected load demand for Pangan-an and the average daily income is computed on the current income obtained from the demographic information.




3.6. Validation


The techno-economic and socio-economic viability is validated considering the actual data from a solar PV system installation in Gilutongan Island, providing 24-h electricity access to 11 households. The daily load profile is computed as an average of the actual one-year energy consumption recorded for the 11 households between April 2020 and March 2021. LCOE is computed considering the net present value of the actual capital investment of the system and the annuities based on Equation (6) [58]


  L C O E =   N P  V  c o s t     N P E    



(6)




where NPVcost is the net present value of the total investment and annuities consisting of the cost of the solar PV system components, installation costs, distribution costs, replacement costs, and operations and maintenance cost; and NPE is the net present value of the total energy output. In the computation, a base nominal rate of 4% is also considered with a project lifespan of 20 years. Techno-economic and socio-economic analysis are done as discussed in Section 3.4 and Section 3.5.





4. Results and Discussion


The demographic profile of the respondents from Pangan-an Island are shown in Table 1. Almost half of the respondents did not graduate elementary school; while more than 70% of the households are average-sized with 4 to 6 members, or large-sized with more than 6 members; and 69% are classified as poor. The average household monthly income is Php 6268.72 (US$125.37), which is mostly coming from manual labor, fishing, shell gleaning, souvenir selling, vending, and providing personal services.



Figure 4 shows electricity access status of the households in Pangan-an, with 70% of the respondents being connected to an electricity source. Out of these, 90% are supplied by the community diesel generator while 3% get power from their own generators and 7% have their own solar home systems. The power supply from the communal generator is made available to residents from 6:00 pm to 10:00 pm daily. The electricity billing is done monthly and payment is collected by a representative from the local cooperative. Electricity is mostly used for lighting (74%) and mobile phone charging (35%), with very few residents also using it to power television sets (30%), electric fans (26%), and radios (20%).



4.1. Energy Market and Load Profile


Figure 5 shows the electricity load profile of Pangan-an Island based on projected electricity demand of island residents if supply is made available 24 h a day. The total daily usage is computed by adding the hourly usage shown in the figure. Two load scenarios are determined and shown in Table 2.



Total expected daily usages are 709.48 kWh for LS 1 and 248.68 kWh for LS 2.



Respondents have expressed that if 24-h electricity will be made available on the island, they will be willing to purchase and use TV sets, electric fans, electric iron, and refrigerators on top of the usual lighting and mobile phone charging. The potential energy market seems ambiguous as residents seem to have an increased purchasing power but are also prone to consume less electricity (see Table 3 for a comparison of monthly income and electricity bill from a 2015 study [59] and the survey conducted for this work, where the average monthly income is significantly higher but the average monthly electricity bill is relatively lower).



The latest data on electricity billing suggests that on average, a single household in Pangan-an consume roughly 8.72 kWh per month with the lowest household consumption recorded at 7 kWh and the highest household consumption at 24 kWh. Total consumption computed from the monthly electricity payments for all households connected to the island generator is 1124.2 kWh per month or 37.5 kWh per day, a value lower than any of the forecasted load demand shown in Figure 5. While the current demand is clearly constricted by the availability of electricity access on the island, the projected demand might be too optimistic and thus, careful energy market studies should be carried out by potential investors and project developers if electricity access should be increased.




4.2. Techno-Economic Viability Assessment


The optimal electrification system designs corresponding to the two load profiles generated for Pangan-an were determined using HOMERPro. The simulation tool was set to “optimizer” where the software is allowed to select the optimal system with the option to select either an optimal system with diesel generator or an optimal system without generator. Results of the simulation, as well as the financial parameters computations, are shown in Table 4.



Optimization results suggest that all load scenarios would require a hybrid microgrid system with solar PV, battery energy storage, and diesel generator. The levelized cost of electricity is higher when demand is lower primarily because the price to break-even is higher. Better financial results (i.e., shorter payback and higher return on investment) are observed in LS1 with higher load requirements. The relatively high capital investment required for systems with renewable energy technology are likely to be profitable when consumption is high. Higher profit margins also yield better financial results.




4.3. Socio-Economic Viability Assessment


The economic benefit of providing 24-h electricity access is computed for electricity costs defined at LCOE plus profit margin. The current electricity cost per kWh is based on the current tariff at the island, which is at US$1.21 per kWh consumption. The current electricity consumption from the load profile (Section 3.1) is 1124 kWh per month. Table 5 summarizes the results.



Table 5 shows that the benefit to consumers reasonably decreases as electricity cost per kWh increases. Substantial economic benefit is expected when electricity consumption is higher. The highest economic benefit is when consumers are expected to use refrigerators apart from the other typical household appliances and lighting. This somehow reinforces the notion that as households consume electricity beyond just simple lighting by finding more productive uses, they will experience greater economic benefit. However, if electricity is used simply for lighting and other consumptive uses, such as mobile charging and internet access, households will find less benefit from increased electricity access. Moreover, the electricity prices being set are relatively lower than the current price that the consumers are paying, which significantly influences the computed values. If investors were to set higher profit margins, then the economic benefit would considerably be much lower.



The capacity to pay is computed at household level. The projected load demand in Figure 6 is sorted out per income classification and an average daily consumption per household is defined. The average daily household income is also obtained for each income classification with poor households earning on average US$2.73 per day, low-income households at US$6.66 per day, and lower middle-income households at US$12.78 per day. The electricity cost is computed based on electricity prices derived from the previously defined profit margins (shown as Pe in Table 5). The results are summarized in Table 6.



Table 6 shows that households belonging to the poor and low income class expend more than 5% of their income on electricity for all load scenarios with the low income households spending more than 10% in LS 1, where they are expected to use refrigerators. Poor households show better capacity to pay than the low-income households at these load scenarios, spending between 6% to 8% of their income on electricity because these households were considered to be non-fridge users. Calculations are favorable for lower middle-class households who spend between 4% to 5% of their income on electricity when they are not using refrigerators. While the majority of the results are not ideal, it is important to note that the capacity to pay is calculated based on current income of the households. If consumers can find ways to improve their income with the increased access to electricity, then capacity to pay will also increase. Moreover, if investors should choose to increase profit margins, this would negatively sway the results unfavorably.



The viability of rural electrification projects does not solely depend on the financial parameters that determine risks and rewards for project implementers nor on the technological factors that dictate system design and energy sources. More importantly, the viability of these projects also relies on the community, especially on whether the community has adequate electricity demand and whether the consumers within the community exhibit the capacity to pay for increased electricity access at a tariff set above the calculated levelized cost of electricity. Moreover, the economic benefits offered by increased electricity access must be explicitly defined for the community and consumers must be encouraged to use the available electricity supply, especially through productive means, to realize these benefits.




4.4. Validation


Since March 2020, 11 households in Gilutongan Island were provided with 24-h electricity access, with only 17 recorded instances of power interruptions over a one-year period. Figure 6 shows the actual hourly electricity consumption for the 11 households in Gilutongan Island between April 2020 to March 2021. Since the provision of 24-h electricity, households are able to use household electrical appliances for longer hours. Moreover, some households are able to buy refrigerators and water vending machines that allowed them to earn additional income. The total electricity consumption of the 11 households for the one-year period is 4742.109 kWh.



Table 7 presents the actual costs of installation and the results of the techno-economic viability assessment. The payback period and the ROI are computed based on the actual consumption of the households, with the assumption that no increase in consumption is expected for the succeeding years. The payback period is relatively longer and the ROI is relatively lower, primarily due to the lower actual consumption of the 11 hosuehold beneficiaries (see previous figure) which is only roughly 44% of the expected energy output of the system as presented in the table. This is also indicative of the significance of rational load profiling and appropriate system sizing to ensure that installed systems are optimal in terms of meeting load demand. However, when more productive uses of electricity are implemented by the households, the payback period and ROI of the system are expected to be more favorable due to the increased demand and usage of renewable energy.



Table 8 shows economic benefit calculations for the 11 household beneficiaries in Gilutongan. The lower economic benefits can potentially be explained by the low demand of the households, considering only roughly 1480 kWh increase in electricity consumption between Qa (4.5 h electricity access) and Qe (24-h access). This also strengthens the results of Pangan-an, where higher economic benefits are expected when demand is higher.



Table 9 presents the results of the analysis on the households’ capacity to pay. Average daily consumption among the 11 households is within the range of 0.5 to 1.5 kWh per day. Some of these households have only increased their consumptive use of electricity with the increased electricity access, while only a few who belong to the low-income bracket have found productive uses of electricity. This has greatly impacted the capacity to pay, especially for the poor households where electricity cost is more than 10% of their household income.





5. Significance of Productive Uses of Electricity


The crucial role of the private sector in extending reliable, sustainable, and affordable electricity access to last-mile regions is already extensively discussed in literature [60,61,62]. However, scarce demand and impoverished community conditions that could lead to unfavorable financial returns deter investors from pursuing rural electrification projects. The economic viability of providing increased access to rural isolated communities through renewable energy relies primarily on the electricity consumption of the residents. Better returns are expected for high capital investments when demand is also high, which necessitates the active contribution of consumers in rural electrification efforts.



Rural consumers must be urged to use electricity for economic growth in order to stimulate high demand and to realize the high economic benefits of increased electricity access. Encouraging the marginalized consumers in isolated areas to engage in productive uses of electricity (PUEs) fosters socio-economic growth and motivate them to consume electricity [63,64,65]. However, as economic activities in these isolated communities rarely utilize electricity, the challenge of finding appropriate PUEs becomes daunting. Investors and project implementers must take this into consideration when instigating rural electrification projects, expanding their approaches to mentor the community and guide them to use electricity to generate more income and to improve their productivity. This, in turn, will generate higher electricity demand, which translates to economies of scale and favorable returns for the investors.



Increasing the access of reliable, affordable, and sustainable electricity to isolated rural communities cultivates for the improved welfare of the affected households [66]. It promotes for better education through the use of modern teaching equipment in schools and increased studying hours for students at night. It provides better access to health services. It enables gender equality as women with electricity access will now have better opportunities to earn a living, to study, or to ease the burden of domestic activities. Moreover, promoting increased electricity access and stimulating PUEs break the cycle of electricity poverty experienced by these marginalized populations [67].




6. Policy Implications


Despite being an early recipient of renewable energy technology, Pangan-an Island was not able to sustain their electrification system and was forced to utilize conventional electrification means after the decommissioning of the island’s solar PV facility. Studies indicated that the failure to sustain this system resulted from the inability of the island residents to find more meaningful uses of electricity, merely using the increased access for lighting and household entertainment, and in defining the true cost of electricity. While the Philippine Department of Energy calls on private sector participation to increase electrification in the rural areas [13], guaranteeing the financial practicality of implementing electrification projects, especially those integrating renewable energy technologies, in poor isolated communities becomes a requisite to spur the sector into participation.



Installing microgrids while considering cleaner energy sources typically requires high capital investment that the marginalized populations usually cannot afford. It becomes essential to explicitly define the benefits that consumers expect to receive with increased electricity access for them to willingly adapt renewable energy. The implied economic benefit to consumers tends to be higher as their demand also becomes higher, but low economic status inhibits them from consuming more. It is also crucial for consumers to find suitable PUEs in order for them to improve their economic well-being, subsequently allowing them to pay for higher electricity consumption. As such, policies must be in place to encourage recipient communities to actively engage in PUEs, as electricity is made more available to them, in order to stimulate higher demand and in order to increase capability to pay for higher demand. This is clearly demonstrated in the solar PV installation in Gilutongan Island. While consumptive use of electricity has proliferated for the 11 households, it does not really provide them high economic benefits unless they found more productive uses of electricity.



The determination of implementing PUEs might prove to be a challenge for consumers who earn income without relying on electricity. Thus, it falls on those implementing the project to help the consumers find ways to use electricity for productive means. It is therefore necessary to include, in the mandate of these implementers, a program that will stimulate productive uses of electricity. Moreover, the program could focus on existing livelihood in these isolated communities and assess measures on how to “electrify” these livelihoods to encourage PUEs and improve efficiency and productivity. In most coastal communities in the Philippines, household income is highly dependent on fishing or vending, thus refrigeration could be a potential option to be explored. Water is also scarce in these communities and households source out potable water from the mainland at expensive costs such that desalination systems powered by renewable energy could also be a viable option to consider. Technological advancements and smart grid applications like broadband over powerline (BPL) and powerline communication (PLC) could also be explored further to provide increased access to telecommunications while providing electricity access through renewables in these isolated island communities. Policies integrating electricity and telecommunications could be investigated to increase socio-economic benefits and further rationalize capitalization costs.




7. Conclusions


Techno-economic viability studies in relation to rural electrification projects seldom capture the latter’s impact on the socio-economic aspect of the communities. However, sustainability of such projects greatly relies on the crucial role that consumers play in their advancement. The study provided for a viability assessment framework that would determine not just the economic impact of rural electrification to investors but also the socio-economic outcomes to consumers. A two-phase approach was used where the techno-economic viability was assessed in the first phase and the socio-economic viability was evaluated in the second phase. Techno-economic parameters considered were levelized cost of electricity, initial capital cost, net present cost, payback period, and return on investment. Meanwhile, economic benefit of increased electricity access and capacity to pay were considered as socio-economic parameters.



Results of the study suggest that rural electrification projects will provide better pay-offs for investors if electricity demand is high, as this results in economy of scale. Moreover, the economic benefits of increased electricity access for consumers is greater when their consumption is high. However, consumers might not be motivated to consume more electricity, especially when electricity cost is high and electricity usage is limited to lighting, household entertainment, and other consumptive uses. With low household income, the capacity to pay is compromised especially when the electricity tariff is steep. For consumers to consume more, they must be able to afford the electricity cost. As such, increasing their income-generating capacities through productive uses of electricity becomes the most pragmatic option as this allows investors to push for increased capacity and encourages consumers to use more; thereby achieving mutual benefits for the major stakeholders. Finding uses of energy that could help augment income for the users should be thoughtfully considered and should be put in place where increased electricity access is desired. Moreover, the framework presented in the paper could be useful for project implementers as well as for consumers, as this provides signficant insights into the techno-economic and socio-economic impacts of increasing electricity access in off-grid communities.







Author Contributions


L.L.—Conceptualization, methodology, formal analysis, investigation, writing—original draft preparation, writing—review and editing; E.M.Q.—Conceptualization, methodology, formal analysis, investigation, writing—original draft preparation, writing—review and editing; E.B.T.—Conceptualization, writing—review and editing, supervision, funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research is funded by the European Union Access to Sustainable Energy Programme (EU-ASEP) through the Clean Energy Living Laboratories (CELLs) project with contract no. 2017/392-650. The Pangan-an Island load profiling survey was funded by the Philippine Commission on Higher Education (CHED) and the British Council Newton Fund Institutional Links (grant no. 261850721).




Data Availability Statement


Data is available upon request.




Acknowledgments


The authors would like to extend their gratitude to the Engineering Research and Development for Technology (ERDT) under the Philippine Department of Science and Technology (DOST) for the scholarship of L. Lozano; to the University of San Carlos (USC) School of Engineering for granting the opportunity and for continuing to find prospects for advancement; to the University of Southampton for providing the necessary training to conduct this research; and to the local government units and community residents of Pangan-an Island and the 11 households in Gilutongan Island for accommodating the researchers during the study and for their support in the data gathering. Acknowledgement is also due to the Center for Research in Energy Systems and Technologies (CREST) research assistants for their invaluable support to the data gathering of this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



The World Bank. Access to electricity. In Tracking SDG7: The Energy Progress Report 2019; The World Bank: Washington, DC, USA, 2019; pp. 1–26. [Google Scholar]

	



Bezerra, P.B.D.S.; Callegari, C.L.; Ribas, A.; Lucena, A.F.P.; Portugal-Pereira, J.; Szklo, A.; Schaeffer, R. The power of light: Socio-economic and environmental implications of a rural electrification program in Brazil. Environ. Res. Lett. 2017, 12, 095004. [Google Scholar] [CrossRef]

	



United Nations Department of Economic and Social Affairs, Accelerating SDG 7 Achievement: Policy Brief 01 Achieving Universal Access to Electricity. Paris. 2018. Available online: https://sustainabledevelopment.un.org/content/documents/17462PB1.pdf (accessed on 8 September 2021).

	



Dagnachew, A.G.; Lucas, P.L.; Hof, A.F.; Gernaat, D.E.H.J.; de Boer, H.; van Vuuren, D.P. The role of decentralized systems in providing universal electricity access in Sub-Saharan Africa e A model-based approach. Energy 2017, 139, 184–195. [Google Scholar] [CrossRef]

	



Sánchez, A.S.; Torres, E.A.; Kalid, R.A. Renewable energy generation for the rural electri fi cation of isolated communities in the Amazon Region. Renew. Sustain. Energy Rev. 2015, 49, 278–290. [Google Scholar] [CrossRef]

	



Khan, H.A.; Ahmad, H.F.; Nasir, M.; Nadeem, M.F.; Ahmed, N. Decentralised electric power delivery for rural electrification in Pakistan. Energy Policy 2018, 120, 312–323. [Google Scholar] [CrossRef]

	



Kim, H.; Yong, T. Independent solar photovoltaic with Energy Storage Systems (ESS) for rural electrification in Myanmar. Renew. Sustain. Energy Rev. 2018, 82, 1187–1194. [Google Scholar] [CrossRef]

	



Curtin, J.; Mcinerney, C.; Gallachóir, B.Ó.; Salm, S. Energizing local communities—What motivates Irish citizens to invest in distributed renewables? Energy Res. Soc. Sci. 2019, 48, 177–188. [Google Scholar] [CrossRef]

	



Laput, G. Gov’t Urged to Speed up Electrification Efforts in Rural Areas; Philippine News Agency: Manila, Philippines, 2019.

	



Susantono, B. Bringing Renewable Energy to a Small Philippine Island. Energy—Asian Development Blog. 2019. Available online: https://blogs.adb.org/blog/bringing-renewable-energy-small-philippine-island (accessed on 4 March 2020).

	



Asian Development Bank. Romblon’s Cobrador Island Gets 24-Hour Power from New Hybrid Solar-Diesel System. 2016. Available online: https://www.adb.org/news/romblon-s-cobrador-island-gets-24-hour-power-new-hybrid-solar-diesel-system (accessed on 29 December 2018).

	



Turingan, P.; Rubio-Pardalis, M.C.; Salazar, M.; Golding, R. Accelerating Power Sector Reforms: Amending the EPIRA; Philippine Senate Economic Planning Office: Manila, Philippines, 2008; p. 14.

	



Philippine Department of Energy. 2016–2020 Missionary Electrification Development Plan; Philippine Department of Energy: Manila, Philippines, 2016.

	



United Nations Department of Economics and Social Affairs. World Economic and Social Survey 2013 Sustainable Development Challenges; United Nations: New York, NY, USA, 2013. [Google Scholar]

	



Jamal, T.; Urmee, T.; Calais, M.; Sha, G.M.; Carter, C. Technical challenges of PV deployment into remote Australian electricity networks: A review. Renew. Sustain. Energy Rev. 2017, 77, 1309–1325. [Google Scholar] [CrossRef]

	



Khodayar, M.E. Rural electrification and expansion planning of off-grid microgrids. Electr. J. 2017, 30, 68–74. [Google Scholar] [CrossRef]

	



Almeshqab, F.; Ustun, T.S. Lessons learned from rural electrification initiatives in developing countries: Insights for technical, social, financial and public policy aspects. Renew. Sustain. Energy Rev. 2019, 102, 35–53. [Google Scholar] [CrossRef]

	



Pandyaswargo, A.H.; Ruan, M.; Htwe, E.; Hiratsuka, M.; Wibowo, A.D.; Nagai, Y.; Onoda, H. Estimating the energy demand and growth in off-grid villages: Case studies from Myanmar, Indonesia, and Laos. Energies 2020, 13, 5313. [Google Scholar] [CrossRef]

	



Sessa, V.; Bhandari, R.; Ba, A. Rural Electrification Pathways: An Implementation of LEAP and GIS Tools in Mali. Energies 2021, 14, 3338. [Google Scholar] [CrossRef]

	



Jung, T.Y.; Kim, D.; Moon, J.; Lim, S.K. A scenario analysis of solar photovoltaic grid parity in the Maldives: The case of Malahini resort. Sustainability 2018, 10, 4045. [Google Scholar] [CrossRef]

	



Krishan, O. Sathans Design and Techno-Economic Analysis of a HRES in a Rural Village. Procedia Comput. Sci. 2018, 125, 321–328. [Google Scholar] [CrossRef]

	



Akpan, U. Technology options for increasing electricity access in areas with low electricity access rate in Nigeria. Socioecon. Plann. Sci. 2015, 51, 1–12. [Google Scholar] [CrossRef]

	



Ahmad, J.; Imran, M.; Khalid, A.; Iqbal, W.; Ashraf, S.R.; Adnan, M.; Ali, S.F.; Khokhar, K.S. Techno economic analysis of a wind-photovoltaic-biomass hybrid renewable energy system for rural electrification: A case study of Kallar Kahar. Energy 2018, 148, 208–234. [Google Scholar] [CrossRef]

	



Lozano, L.; Taboada, E.B. The Power of Electricity: How Effective is it in Promoting Sustainable Development in Rural Off-Grid Islands in the Philippines? Energies 2021, 14, 2705. [Google Scholar] [CrossRef]

	



Sarker, M.A.R.; Nagasaka, K. Web enabled smart microgrid model with renewable energy resources in Bangladesh power system. In Proceedings of the 2012 International Conference on Advanced Mechatronic Systems, Tokyo, Japan, 28–21 September 2012; pp. 345–350. [Google Scholar]

	



Nancy, B.; Loh, C.W.G.; Bazin, M.R.; Panceras, T.M. A Case Study: Broadband over Powerline for Rural Area Deployment in Sarawak. E3S Web Conf. 2021, 242, 03001. [Google Scholar] [CrossRef]

	



Horvat, G.; Balkić, Z.; Žagar, D. Power Line Communication throughput analysis for use in last mile rural broadband. In Proceedings of the 2012 20th Telecommunications Forum (TELFOR), Belgrade, Serbia, 20–22 November 2012; pp. 245–248. [Google Scholar]

	



United Nations. Inequality in a Rapidly Changing World; United Nations: New York, NY, USA, 2020. [Google Scholar]

	



Costello, K.W. Electrification: The nexus between consumer behavior and public policy. Electr. J. 2018, 31, 1–7. [Google Scholar] [CrossRef]

	



Azimoh, C.L.; Klintenberg, P.; Mbohwa, C.; Wallin, F. Replicability and scalability of mini-grid solution to rural electrification programs in sub-Saharan Africa. Renew. Energy 2017, 106, 222–231. [Google Scholar] [CrossRef]

	



Chaurey, A.; Ranganathan, M.; Mohanty, P. Electricity access for geographically disadvantaged rural communities-technology and policy insights. Energy Policy 2004, 32, 1693–1705. [Google Scholar] [CrossRef]

	



Tesfamichael, M.; Bastille, C.; Leach, M. Eager to connect, cautious to consume: An integrated view of the drivers and motivations for electricity consumption among rural households in Kenya. Energy Res. Soc. Sci. 2020, 63, 101394. [Google Scholar] [CrossRef]

	



Graber, S.; Narayanan, T.; Alfaro, J.; Palit, D. Solar microgrids in rural India: Consumers’ willingness to pay for attributes of electricity. Energy Sustain. Dev. 2018, 42, 32–43. [Google Scholar] [CrossRef]

	



Kennedy, R.; Mahajan, A.; Urpelainen, J. Quality of service predicts willingness to pay for household electricity connections in rural India. Energy Policy 2019, 129, 319–326. [Google Scholar] [CrossRef]

	



Broughel, A.E. On the ground in sunny Mexico: A case study of consumer perceptions and willingness to pay for solar-powered devices. World Dev. Perspect. 2019, 15, 100130. [Google Scholar] [CrossRef]

	



Riva, F.; Colombo, E. System-dynamics modelling of the electricity-development nexus in rural electrification based on a Tanzanian case study. Energy Sustain. Dev. 2020, 56, 128–143. [Google Scholar] [CrossRef]

	



Müller, M.F.; Thompson, S.E.; Gadgil, A.J. Estimating the price (in)elasticity of off-grid electricity demand. Dev. Eng. 2018, 3, 12–22. [Google Scholar] [CrossRef]

	



Riva, F.; Gardumi, F.; Tognollo, A.; Colombo, E. Soft-linking energy demand and optimisation models for local long-term electricity planning: An application to rural India. Energy 2019, 166, 32–46. [Google Scholar] [CrossRef]

	



Ehnberg, J.; Ahlborg, H.; Hartvigsson, E. Approach for flexible and adaptive distribution and transformation design in rural electrification and its implications. Energy Sustain. Dev. 2020, 54, 101–110. [Google Scholar] [CrossRef]

	



Chauhan, A.; Saini, R.P. Renewable energy based off-grid rural electrification in Uttarakhand state of India: Technology options, modelling method, barriers and recommendations. Renew. Sustain. Energy Rev. 2015, 51, 662–681. [Google Scholar] [CrossRef]

	



Shakya, B.; Bruce, A.; Macgill, I. Survey based characterisation of energy services for improved design and operation of standalone microgrids. Renew. Sustain. Energy Rev. 2019, 101, 493–503. [Google Scholar] [CrossRef]

	



NBlum, U.; Wakeling, R.S.; Schmidt, T.S. Rural electrification through village grids—Assessing the cost competitiveness of isolated renewable energy technologies in Indonesia. Renew. Sustain. Energy Rev. 2013, 22, 482–496. [Google Scholar]

	



Rafique, M.M.; Bahaidarah, H.M.S.; Anwar, M.K. Enabling private sector investment in off-grid electrification for cleaner production: Optimum designing and achievable rate of unit electricity. J. Clean. Prod. 2019, 206, 508–523. [Google Scholar] [CrossRef]

	



Hong, G.W.; Abe, N. Sustainability assessment of renewable energy projects for off-grid rural electrification: The Pangan-an Island case in the Philippines. Renew. Sustain. Energy Rev. 2012, 16, 54–64. [Google Scholar] [CrossRef]

	



Navarro, S.J. Project Opportunity: Philippines Rehabilitation and Hybridization of Solar Plant on Pangan-an Island; Federal Ministry for Economic Affairs and Energy, Federal Ministry for Economic Affairs and Energy (BMWi) Public Relations: Berlin, Germany, 2016. [Google Scholar]

	



National Statistics Office. 2010 Census of Population and Housing; National Statistics Office: Manila, Philippines, 2010.

	



Lozano, L.; Querikiol, E.M.; Abundo, M.L.S.; Bellotindos, L.M. Techno-economic analysis of a cost-effective power generation system for off-grid island communities: A case study of Gilutongan Island, Cordova, Cebu, Philippines. Renew. Energy 2019, 140, 905–911. [Google Scholar] [CrossRef]

	



Albert, J.; Santos, A.; Vizmanos, J. Profile and Determinants of the Middle-Income Class in the Philippines; Philippine Institute for Development Studies (PIDS): Quezon City, Philippines, 2019.

	



Fadaee, M.; Radzi, M.A.M. Multi-objective optimization of a stand-alone hybrid renewable energy system by using evolutionary algorithms: A review. Renew. Sustain. Energy Rev. 2012, 16, 3364–3369. [Google Scholar] [CrossRef]

	



Wijeratne, W.M.P.U.; Yang, R.J.; Too, E.; Wakefield, R. Design and development of distributed solar PV systems: Do the current tools work? Sustain. Cities Soc. 2019, 45, 553–578. [Google Scholar] [CrossRef]

	



Bangko Sentral ng Pilipinas, Inflation Rates. 2020. Available online: http://www.bsp.gov.ph/statistics/spei_new/tab34_inf.htm (accessed on 9 June 2020).

	



Bangko Sentral ng Pilipinas, Monetary Policy Decisions. 2019. Available online: http://www.bsp.gov.ph/monetary/monetary_1719.asp#2017 (accessed on 9 June 2020).

	



IRENA International Renewable Energy Agency. Renewable Power Generation Costs in 2018; IRENA: Abu Dhabi, United Arab Emirates, 2018; ISBN 978-92-9260-126-3. [Google Scholar]

	



Hansen, D.R.; Mowen, M.M. Cornerstones of Cost Management; Cengage Learning: Boston, MA, USA, 2014. [Google Scholar]

	



NRECA International Ltd. Calculating Consumer Willingness to Pay for Electric Service and Economic Benefits of Electrification Projects. Guid. Electr. Coop. Dev. Rural Electrif. 2010. Available online: https://www.nrecainternational.coop/wp-content/uploads/2016/11/Module6ConsumerWillingnesstoPayandEconomicBenefitAnalysisofRuralElectrificationProject.pdf (accessed on 8 September 2021).

	



Choynowski, P. Measuring willingness to pay for electricity. ERD Tech. Note Ser. 2002, 3, 1–20. [Google Scholar]

	



The World Bank Group. Beyond Connections: Energy Access Redefined; The World Bank Group: Washington, DC, USA, 2015. [Google Scholar]

	



Aldersey-Williams, J.; Rubert, T. Levelised cost of energy—A theoretical justification and critical assessment. Energy Policy 2019, 124, 169–179. [Google Scholar] [CrossRef]

	



Pandyaswargo, A.H.; Naoya, A.; Hong, G.W. Participatory Workshop on Bottom—Up Study Contributing to the Realization of Sustainable Development Goals: Pangan—An Island Case Study; Department of International Development Engineering, Graduate School of Science and Engineering, Tokyo Institute of Technology: Tokyo, Japan, 2015. [Google Scholar]

	



Ahlborg, H.; Hammar, L. Drivers and barriers to rural electrification in tanzania and mozambique—Grid-extension, off-grid, and renewable energy technologies. Renew. Energy 2014, 61, 117–124. [Google Scholar] [CrossRef]

	



Schmidt, T.S.; Blum, N.U.; Wakeling, R.S. Attracting private investments into rural electrification—A case study on renewable energy based village grids in Indonesia. Energy Sustain. Dev. 2013, 17, 581–595. [Google Scholar] [CrossRef]

	



Malhotra, A.; Schmidt, T.S.; Haelg, L.; Waissbein, O. Scaling up finance for off-grid renewable energy: The role of aggregation and spatial diversification in derisking investments in mini-grids for rural electrification in India. Energy Policy 2017, 108, 657–672. [Google Scholar] [CrossRef]

	



Kyriakarakos, G.; Papadakis, G. Microgrids for productive uses of energy in the developing world and blockchain: A promising future. Appl. Sci. 2018, 8, 580. [Google Scholar] [CrossRef]

	



Terrapon-Pfaff, J.; Gröne, M.C.; Dienst, C.; Ortiz, W. Productive use of energy—Pathway to development? Reviewing the outcomes and impacts of small-scale energy projects in the global south. Renew. Sustain. Energy Rev. 2018, 96, 198–209. [Google Scholar] [CrossRef]

	



Gollwitzer, L.; Ockwell, D.; Muok, B.; Ely, A.; Ahlborg, H. Rethinking the sustainability and institutional governance of electricity access and mini-grids: Electricity as a common pool resource. Energy Res. Soc. Sci. 2018, 39, 152–161. [Google Scholar] [CrossRef]

	



Kumar, A. Justice and politics in energy access for education, livelihoods and health: How socio-cultural processes mediate the winners and losers. Energy Res. Soc. Sci. 2018, 40, 3–13. [Google Scholar] [CrossRef]

	



Lozano, L.; Taboada, E. Demystifying the authentic attributes of electricity-poor populations: The electrification landscape of rural off-grid island communities in the Philippines. Energy Policy 2020, 145, 111715. [Google Scholar] [CrossRef]








[image: Energies 14 06797 g001 550] 





Figure 1. Pangan-an and Gilutongan Islands, Philippines (Image courtesy of Google maps). 
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Figure 2. Research framework. 
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Figure 3. Framework for socio-economic viability assessment. 






Figure 3. Framework for socio-economic viability assessment.



[image: Energies 14 06797 g003]







[image: Energies 14 06797 g004 550] 





Figure 4. Access to electricity in Pangan-an Island. 
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Figure 5. Projected daily electricity load demand for Pangan-an Island. 
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Figure 6. Actual electricity consumption for Gilutongan Island. 
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Table 1. Demographic profile of Pangan-an Island.
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	Demographic Parameters
	Pangan-an





	Educational Background
	



	Did not graduate elementary
	49%



	Elementary graduate
	24%



	Did not graduate high school
	0%



	High school graduate
	18%



	College level
	5%



	College graduate
	3%



	Post-college studies
	1%



	Household size
	



	Small-sized (1 to 3 members)
	23%



	Average-sized (4 to 6 members)
	47%



	Large-sized (above 6 members)
	30%



	Average household monthly income

(according to income cluster) [48]
	



	Poor (less than US$158 per mo.)
	69%



	Lower income (US$158–316 per mo.)
	26%



	Lower middle income (US$317–632 per mo.)
	5%
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Table 2. Electricity load scenarios (Pangan-an).
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	Load Scenario
	Hours of Access
	Households Connected
	With or Without Fridge





	LS 1
	24
	100%
	With fridge



	LS 2
	24
	100%
	Without fridge
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Table 3. Comparison of monthly income and electricity cost in Pangan-an. 2015 [59] vs. 2018 (surveyed).
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Attribute

	
Average

	
Std.

	
Min.

	
Max.






	
Monthly Income (in US$)




	
2015 data

	
52.81

	
51.21

	
0

	
164.00




	
2018 data

	
125.37

	
90.30

	
0 *

	
540.00




	
Monthly Electricity bill (in US$)




	
2015 data

	
6.42

	
2.12

	
5.00

	
15.00




	
2018 data

	
5.86

	
3.59

	
0 **

	
13.50








* Some households indicated that their sustenance come from children working outside the island. ** Corresponds to 7% of the respondents who obtain electricity from personal solar home systems.
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Table 4. System design optimization and economic results (Pangan-an).
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Parameters

	
Pangan-an Island Load Scenarios






	

	
LS 1

	
LS 2




	
Solar PV size

	
50 kW

	
30 kW




	
Generator

	
Yes

	
Yes




	
Battery qty

	
200 strings

	
100 strings




	
Inverter size

	
22 kW

	
10 kW




	
Levelized cost of electricity

	
US$0.366

	
US$0.405




	
Net present cost

	
US$1.83 M

	
US$725,969




	
Operating cost per year

	
US$86,971

	
US$33,558




	
Initial capital investment

	
US$110,977

	
US$63,885




	
Renewable energy fraction

	
29.1%

	
32.8%




	
Load served (in kWh)

	
252,764

	
90,772




	
Economics at 10% profit margin

	

	




	
Payback period

	
6.43 years

	
8.13 years




	
ROI

	
13.5%

	
10.8%




	
Economics at 20% profit margin

	

	




	
Payback period

	
3.16 years

	
4.44 years




	
ROI

	
21.8%

	
16.6%
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Table 5. Economic benefit to consumers (Pangan-an).
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	Electricity Load Scenario
	Pe (in USD)
	Pa (in USD)
	Qe (Annual)
	Qa (Annual)
	D (in USD)





	LS 1
	
	
	
	
	



	At 10% profit margin
	0.4026
	0.715
	252,764
	13,490
	41,626.97



	At 20% profit margin
	0.4392
	0.715
	252,764
	13,490
	36,754.52



	LS 2
	
	
	
	
	



	At 10% profit margin
	0.4455
	0.715
	90,722
	13,490
	14,057.51



	At 20% profit margin
	0.4860
	0.715
	90,722
	13,490
	11,947.21










[image: Table] 





Table 6. Capacity to pay per household per income classification (Pangan-an).
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	Income Classification/Load Scenarios
	Average Consumption

(in kWh per Day)
	Electricity Cost

(US$ per Day)
	Percentage of Income Spent on Electricity





	LS 1
	
	
	



	At 10% profit margin
	
	
	



	Poor
	0.45
	0.18
	7%



	Low income
	2.15
	0.86
	13%



	Lower middle class
	2.41
	0.97
	8%



	At 20% profit margin
	
	
	



	Poor
	0.45
	0.20
	7%



	Low income
	2.15
	0.94
	14%



	Lower middle class
	2.41
	1.06
	8%



	LS 2
	
	
	



	At 10% profit margin
	
	
	



	Poor
	0.45
	0.20
	7%



	Low income
	0.95
	0.42
	6%



	Lower middle class
	1.21
	0.54
	4%



	At 20% profit margin
	
	
	



	Poor
	0.45
	0.22
	8%



	Low income
	0.95
	0.46
	7%



	Lower middle class
	1.21
	0.59
	5%
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Table 7. Economic results for Gilutongan Island.
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	Parameters
	Values





	Solar PV System
	US$9400.00



	Distribution and installation
	US$8699.11



	Annual operations and maintenance
	US$464.00



	Annual energy output
	10,713.60 kWh



	Levelized cost of electricity
	US$0.264



	Net present cost
	$38,438.99



	Economics at 10% profit margin
	



	Payback period
	9.14 years



	ROI
	10.93%



	Economics at 20% profit margin
	



	Payback period
	8.39 years



	ROI
	11.93%
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Table 8. Economic benefit to consumers (Gilutongan).
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	Electricity Load Scenario
	Pe (in USD)
	Pa (in USD) *
	Qe (Annual)
	Qa (Annual)
	D (in USD)





	At 10% profit margin
	0.2904
	1.21
	4742
	3259
	3679.02



	At 20% profit margin
	0.3618
	1.21
	4742
	3259
	3573.40







* Pa and Qa is from Lozano, et al. [47].
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Table 9. Capacity to pay per household per income classification (Gilutongan).
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	Income Classification/Load Scenarios
	Average Consumption

(in kWh per Day)
	Electricity Cost

(US$ per Day)
	Percentage of Income Spent on Electricity





	At 10% profit margin
	
	
	



	Poor
	0.96
	0.2788
	12%



	Low income
	1.02
	0.2969
	5%



	At 20% profit margin
	
	
	



	Poor
	0.96
	0.3041
	13%



	Low income
	1.02
	0.3239
	5%
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