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Energy poverty hinders economic growth, and access to affordable and more reliable energy sources can improve livelihoods. The Sierra Leone government has recognized the need for an energy revolution and has launched an ambitious initiative to reach universal energy access by 2030. Off-grid solutions such as the use of community-scale mini-grids will play a paramount role in electrifying rural communities. In the last decade, the price of solar energy has dramatically declined, and the reliability of mini-grid systems has improved with advancements in battery storage. While the economics of a mini-grid project has significantly improved, the margins are still very slim, and it can take several years before mini-grid providers see a profit. 

Energicity is one of three mini-grid providers operating as part of the Sierra Leone Rural Renewable Energy Project, and their business model will be the focus of this analysis. While Energicity is just one mini-grid provider, the operational and economic hurdles Energicity faces are indicative of broader challenges that many mini-grid providers in sub-Saharan Africa must overcome. Energicity faces difficulties securing energy demand and developing a tariff structure that customers can afford to pay and covers costs. Solar hybrid mini-grids only generate power during the day, and there is a cost disparity between supplying power during the day vs. the evening due to the high cost of energy storage required to service nighttime energy loads. The existing fixed-price tariff structure does not account for the variance in cost between supplying electricity during the day vs. during the evening. 

Tariff design is also inherently complicated; the regulatory space for decentralized renewable energy systems like mini-gid is still evolving and is country-specific. Enacting an effective tariff structure requires balance. Mini-grid providers and regulators need to ensure that a tariff enables a provider to recoup costs. Yet, it is also critical to account for equity concerns ––  ensuring rural constituents can reasonably afford to pay the going price of electricity. Thus, regulators and mini-grid providers in the off-grid space are continually working to balance equity and costs. 

A time-of-use tariff design can be a more efficient tariff structure and could be a means to lower the average cost of electricity for customers. A time-of-use tariff in which the daytime price for energy is less than the evening price of electricity could incentivize consumers to shift some of their energy demand from the evening to the day –– when the system generates electricity. A lower daytime price also presents an opportunity to stimulate demand and could be a means to entice existing diesel generator users to become mini-grid customers due to the daytime price decline.  

Incentivizing a change in energy consumption towards greater daytime energy usage can lead to an increase in revenue and a cost reduction. Mini-grid systems are storage constrained and rely on batteries to service evening loads. Energicity does not have the battery capacity to store all of the power they generate throughout the day due to the sheer capital expenses that additional storage capacity would require. Storage is the highest-cost component of a mini-grid system, and storage-related maintenance represents a significant proportion of Energicity’s ongoing operational expenses. If they can incentivize their customer to consume more energy during hours of generation, they can reduce their reliance on storage and reduce daytime solar energy curtailment. 

Four primary factors drive Energicity’s costs and revenues these are 1) energy usage, 2) the number of customers, 3) equipment costs, and 4) tariff. To model Energicity's customers' response to the time-of-use tariff, an extensive literature review was conducted to assess the price elasticity of demand for energy, particularly in rural developing economies. The purpose of this literature analysis was to derive a price elasticity of demand for Energicity's customers to model energy demand under a time-of-use tariff. 

In this analysis, four scenarios are modeled to assess how time-of-use tariff adjustments affect energy demand, capital and operational costs, and revenue. After modeling the financial returns over a 20-year time horizon, a time-of-use tariff was found to yield a 0.75% to 3.9% increase in revenue. The enactment of such a tariff also led to a nearly 8% percent savings in storage costs. 

Equity concerns that may stem from the enactment of a time-of-use tariff were also assessed, and this analysis carefully considered the impacts a time-of-use tariff would have on all customer segments. One way to mitigate equity concerns is to apply a time-of-use tariff to only a particular customer segment – for Energicity, this was identified to be customers that utilized greater than 0.5 kWh/day. The remaining customers could then be eligible for a "lifeline" tariff that allows for a lower fixed cost for the first 0.5 kWh/day. Program design is critical to ensure effective and equitable implementation, and time-of-use tariffs can be designed in such a way as to ensure low-income customer groups do not see an increase in their energy expenses.

This research provides a look at the economic opportunities a time-of-use could provide Energicity and mini-grid providers with a similar business model. However, an increase in daytime energy demand or load shift are effects that do not necessarily happen organically due to the lack of perfect information and capital constraints. To effectively implement a time-of-use tariff, the next step is to enact a pilot project. This pilot project would enable Energicity and stakeholders to monitor customers' response to time-of-use pricing differentials and customers’ ability to increase daytime energy usage and/or shift their energy demand.
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The declining price of solar energy and the development of reliable off-grid solutions presents an opportunity to embrace distributed renewables and improve energy access. Sierra Leone has one of the highest rates of energy poverty globally; an estimated 94% of rural households and 42% of urban households lack electricity access.[endnoteRef:2] In rural villages, households rely on kerosene and diesel to light homes, with the typical household spending nearly 15% of their annual income on lighting.[endnoteRef:3]  [2:  World Bank, “Access to electricity, rural (% of rural population) - Sierra Leone,”
 https://data.worldbank.org/indicator/EG.ELC.ACCS.RU.ZS?locations=SL(Accessed November, 2020).]  [3:  Power for All, “Sierra Leone,” https://www.powerforall.org/countries/sierra-leone (Accessed November, 2020).] 


Energy poverty hinders economic growth, and access to affordable and more reliable energy sources can improve livelihoods. The Sierra Leone government has recognized the need for an energy revolution and has launched an ambitious initiative to reach universal energy access by 2030.[endnoteRef:4] Off-grid solutions like mini-grids can be the low-cost electricity supply option, and estimates from the Africa Development Bank Mini-Grid Market Opportunity Assessment estimate that mini-grids will best serve 47% of the population.[endnoteRef:5] The Sierra Leone National Energy Action plan specifically outlines targets for deploying 80 PV-solar hybrid mini-grid systems and aims to provide 360,000 people with electricity.[endnoteRef:6] PV-solar hybrid mini-grid systems are integrated systems with PV panels for generation, power conversion equipment, and typically lead-acid battery storage.[endnoteRef:7]  A mini-grid typically supplies electricity to community or village and can be independent or connected to the grid; in Sierra Leone, existing mini-grid systems range from 10 kW to 40 kW capacity and service roughly 150 to 200 households or small businesses.  [4:  MoE, “Rural Renewable Energy Project,” http://www.energy.gov.sl/home/rural-renewable-energy-project/ (Accessed November 2020).]  [5:  African Development Bank, Sustainable energy Future, Mini-Grid Market Opportunity Assessment: Sierra Leone, https://greenminigrid.afdb.org/sites/default/files/sierra_leone_gmg_final_report.pdf (Accessed November, 2020).]  [6:  ECOWAS, National Renewable Energy Action Plan, 2015, https://www.se4all-africa.org/fileadmin/uploads/se4all/Documents/Country_PANER/Sierra_Leone_National_Renewable_Energy_Action_Plans.pdf]  [7:  IREDA, “Renewable Mini-Girds: Innovation Landscape Brief,” 
https://www.irena.org/-(Accessed November, 2020).
/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Renewable_mini-grids_2019.pdf?la=en&hash=CFE9676B470A96F7A974CB619889F5810A06043E (Accessed October 20, 2020). ] 


Sierra Leone's electrification system and universal access effort are overseen by The Ministry of Energy (MoE).  The other governing body responsible for overseeing and managing the electrical system is the Sierra Leonne Electricity and Water Regulatory Commission (EWRC). In 2011 the National Electricity Act unbundled the formerly monopolistic and vertically integrated state electricity agency and established the EWRC.[endnoteRef:8] EWRC’s mandate is to issue operational licenses, approve and determine tariffs, and monitor quality and compliance processes.[endnoteRef:9]  [8: MoE, Electricity Reform Road Map, 2017 https://rise.esmap.org/data/files/library/sierra-leone/Energy%20Access/EA%2014.1B.pdf (Accessed November, 2020).]  [9:  EWRC, “Sierra Leon Electricity & Water Regulatory Commission: Supporting Efficient and Sustainable Delivery of Electricity and Water Supply Services," https://ewrc.gov.sl/(Accessed November 2020).] 


As part of the state’s electricity sector reform, the Rural Renewable Energy Project (RREP) was developed to tap into the state's wealth of renewable resources and to provide energy solutions across rural communities by 2030.[endnoteRef:10] To ensure the project was adequately funded and implemented in the desired timeframe, external assistance was needed to overcome investment barriers in the solar energy sector. UK-aid subsequently funded the RREP. The RREP is structured as a public-private partnership between the public regulators EWRC, private mini-grid providers who build, own, operate mini-grids, and United Nations Office for Project Services (UNOPs), who manages the project and acts as the liaison between the private mini-grid providers and EWRC. The program is divided into four concessional districts, and each district was bid on through a reverse auction tender for a 20-year concessional period. [endnoteRef:11] Ultimately three mini-grid providers were selected to serve the four concessions. These mini-grid providers were Winch Energy, PowerGen, and Energicity. [endnoteRef:12]  [10:  MoE, Rural Renewable Energy Project, http://www.energy.gov.sl/home/rural-renewable-energy-project/(Accessed November 2020).]  [11:  DFIDSL_ICED, UKID, UNOPS, Decentralized Rural Access to Electricity (off-Grid), December 2016.]  [12:  Duke Energy Access Institute, “Lessons for Modernizing Energy Access Finance, Part 2 Balancing Competition and Subsidy: Assessing Mini-Grid Incentive Programs in Sub-Saharan Africa,” https://energyaccess.duke.edu/wp-content/uploads/2020/12/Lessons-for-Modernizing-Energy-Access-Finance-Part-2.pdf (Accessed January, 2021).] 


RREP was organized into three primary phases; phase one, which occurred between 2017-2018, focused on setting up mini-grids to power 90 health clinics across the state. Phase two focused on community electrification efforts connecting 80 communities to mini-grids and was just completed at the end of 2020. The RREP is now in phase 3, which commenced in January 2021, this phase of the program is focused on expanding the country’s mini-grid portfolio.[endnoteRef:13]  During this stage of the program, each mini-grid developer will work with local and national governments to select project sites and expand their energy services to villages within their designated concession.[endnoteRef:14]  [13:  DFIDSL_ICED, UKID, UNOPS, Decentralized Rural Access to Electricity (off-Grid), December 2016]  [14:  DFIDSL_ICED, UKID, UNOPS, Decentralized Rural Access to Electricity (off-Grid), December 2016: Energicity, Internal PowerPoint: Expansion 2021 and Beyond (Accessed October 20, 2020).] 


This project focuses on Power Leone, a subsidiary of Energicity responsible for servicing the lot four concessional districts for the RREP. Energicity services sites in Port Loko, Moyamba, Kambia, and Karene, currently managing and operating 30 mini-grids in Sierra Leone.[endnoteRef:15] Stage 3 of the RREP was launched in January 2021; during this stage of the project, Energicity intends to add 10,000 new connections and provide electricity for 100,000 additional customers by the end of  2022. Energicity is currently working with project stakeholders to seek approval and expand its services to 40 additional sites within their concessional district.  [15:  Energicity, Internal PowerPoint, Expansion 2021 and Beyond] 

[bookmark: _Toc70315941]
Project Objectives 

Tariff Background 
EWRC allows for a flexible tariff structure; each mini-grid provider operates independently and is given the discretion to seek approval from EWRC on its proposed tariff structure. EWRC reviews each provider's installation and operating costs and approves or denies a proposed tariff based on the provided information. Each mini-grid provider has sought tariff approval for the sites within their concessional district. [endnoteRef:16],[endnoteRef:17] [16: Phillip, J., Virtual Interview Discussions, June 2020-November 2020 ]  [17:  Duke Energy Access Institute, “Lessons for Modernizing Energy Access Finance, Part 2 Balancing Competition and Subsidy: Assessing Mini-Grid Incentive Programs in Sub-Saharan Africa,” https://energyaccess.duke.edu/wp-content/uploads/2020/12/Lessons-for-Modernizing-Energy-Access-Finance-Part-2.pdf (Accessed January, 2021).] 


Energicity offers a two-part tariff, a minimum daily service fee[footnoteRef:2] – 900 Le/day ($0.092/day), and a fixed tariff of 5101 Le/kWh (0.52 $/kWh). Energicity began operating community mini-grids at this tariff structure from 2019 to 2020. Currently, the existing fixed-price structure does not account for the variance in cost between supplying electricity during the day vs. during the evening. Mini-grids only generate power during the day, and there is a cost disparity between supplying power during the day vs. the evening. This is due to the high cost of energy storage which is required to service nighttime energy loads. A more effective pricing structure may be a time-of-use tariff in which the cost of energy during the day is lower than the price during the evening. With this price differential price could be used as a tool to incentivize customers to shift their consumption patterns and utilize more energy during generation hours.  [2:  The service fee was charged daily through 2020, but in the upcoming weeks, it is shifting from being charged daily to being charged monthly ] 


Potential Benefits of Time-of-use Tariff 
This project will assess if a time-of-use tariff in which the daytime price for energy is less than the evening price of electricity could incentivize consumers to shift some of their energy demand from the evening to the day. This analysis will also assess the opportunity to stimulate demand through a time-of-use tariff.  Incentivizing a change in energy consumption towards greater daytime energy usage could lead to an increase in revenue and a cost reduction. 

Energicity does not have the battery capacity to store all of the power they generate throughout the day due to the sheer capital expenses that additional storage capacity would require. Storage is the highest-cost component. It is also the highest ongoing maintenance cost. If they can incentivize their customer to consume energy during hours of generation, they can reduce their reliance on storage and storage expenses. 

If Energicity can incentivize either a load shift or a daytime demand stimulation, they can increase their load factor. The load factor is the ratio between the amount of energy generated and the amount of energy consumed. The load factor is dependent on the number of connections, total energy demand, and the time of energy use. Load factor is a function of how well energy is utilized, and because solar hybrid mini-grids produce all of their power during the day, increasing daytime energy loads can dramatically increase the average load factor. An analysis conducted by the  World Banks found that one of the best opportunities to increase load factor is increasing income-generating loads such as agriculture milling or appliance usage to sustain high daytime energy loads.[endnoteRef:18]   [18:  World Bank, “Mini-Grids for Half a Billion People: Market Outlook Report’” (Accessed November, 2020).] 


Arguably the most significant opportunity for Energicity to increase their load factor is to stimulate daytime energy demand through a lower daytime energy price. Commercial users represent the bulk of daytime energy demand. Lowing the daytime price of energy could help stimulate the use of productive use loads. In Sierra Leone, these productive use loads are ice makers, grinders, general stores, welders, and rice mills.  Currently, the alternative source of energy for small businesses and entrepreneurs is diesel generators. The cost of diesel is roughly 0.32 $/kwh in Sierra Leone (not including labor and transport fees). Lowering the daytime energy price of mini-grid electricity would bring the price in closer parity to the price of diesel, ideally attracting some of the diesel users to switch to using mini-grid electricity. This lower daytime price could help Energicity electrify more value-added services that ideally utilize energy during generation hours.

 If Energicity could increase their daytime energy demand by 10% through a time-of-use tariff, this would increase the load factor by 2.9% and lead to a 2.5% reduction in Levelized Cost of Energy (LCOE). The LCOE measures a system's lifetime costs over energy consumption and is highly dependent on load factor. The LCOE is used to compare costs between different types of energy generation systems. The tables below depict the calculated LCOE for Energicity's mini-grid portfolio. 

Table 1: Levelized Cost of Electricity 
	Levelized Cost of Electricity (LOCE) 

	 Load Factor 
	0.225

	 LCOE 
	                                      $0.473



Table 2: Levelized Cost of Electricity with 10% increase in daytime energy demand 
	Levelized Cost of Electricity (LOCE) 

	 Load Factor 
	0.235

	 LCOE 
	                                      $0.453



Description of analysis 
A financial model was developed to analyze and compare the revenue and costs between a time-of-use tariff and the current fixed tariff to assess the potential benefits of a time-of-use tariff. Four time-of-use tariff scenarios were molded in detail to assess the likelihood of load shifts from Energicity’s existing customer base and or stimulated daytime energy demand.  The structuring of the time-of-use tariff was also analyzed to evaluate potential regulatory and equity concerns. One of the primary equity concerns is that a time-of-use tariff may raise the energy fees for low-income customers. Thus, this analysis analyzed how program design could be utilized to ensure that low usage customers would not see a rate increase. The revenue returns, breakeven tariff, and operational costs were then compared to determine if a time-of-use tariff could yield a greater net return for Energicity and reduced energy bills for their customer base.  
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Examples of Implemented Time-of-use Tariffs 
In developed nations, time-of-use tariffs are increasingly being utilized as a demand response mechanism to reduce the curtailment of renewables and reduce peak loads. According to IRENA, the United States saved over 5% on electricity sales from time-of-use tariffs in 2015.[endnoteRef:19] These savings occurred from reducing peak energy demand, enabling utilities to reduce their reliance on their most expensive generation assists. For example, ConEdison, a utility provider in Illinois, has enacted a time for use program for residential and commercial users. The time-of-use periods are broken into two primary periods, and customers have taken advantage of time-of-use prices by shifting the times they cool their buildings and or households. On average, ConEdison found that both commercial and residential customers saved nearly 15% on their monthly utility bills.[endnoteRef:20] A time-of-use tariff was also found to be effective in was the United Kingdom.  A case study conducted in the United Kingdom found that a time-of-use tariff was particularly effective in shifting residential customer usage and found that the implemented time-of-use tariff curbed evening energy peak demand by around 10% and increased off-peak demand by 15%.  [19:  IREDA, Time-of-use Tariffs Innovation Landscape Brief, https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Innovation_ToU_tariffs_2019.pdf?la=en&hash=36658ADA8AA98677888DB2C184D1EE6A048C7470, 2019 (Accessed November 2021).]  [20:  ConEdison, Time-of-use rates, https://www.coned.com/en/accounts-billing/your-bill/time-of-use (Accessed April, 2021).] 


In 2016, the World Bank conducted a study on which Sub-Sharan countries offered time-of-use tariffs and found that 20 countries offer some form of time-of-use pricing option. While this study lacked specificities on tariff design, the World Bank notes that time-of-use tariffs in Sub-Sharan countries have been an effective tool for smoothing consumption peaks and have primarily been applied to industrial customer segments. [endnoteRef:21]  In looking for examples for implemented time-of-use tariffs in developing economies a few examples were found. Malaysia enacted a time-of-use tariff for commercial consumers to flatten the national utility’s load profile and cut peak demand. However, this tariff structure was not offered to residential customers, and a model to assess how time-of-use pricing schemes shifted residential energy consumption from peak hours to off-peak hours. Based on the model, the generation costs were lower under the time-of-use scheme in which residential customers were included, and a peak load reduction occurred.[endnoteRef:22]  [21:  World Bank Group, Electricity Tariffs for nonresidential Customers in Sub-Saharan Africa, 2016 http://documents1.worldbank.org/curated/en/489411494351752887/pdf/114848-BRI-PUBLIC-LWLJfinalOKR.pdf ]  [22:  Hussin, N. et al., Residential Electricity Time-of-use pricing for Malaysia, IEEE, 2014 ] 


Before enacting a time-of-use tariff, Sri Lanka offered a fixed tariff structure. Due to supply limitations, there were regular evening power cuts to ensure the grid would not collapse. In 2011 Sri Lanka enacted a mandatory three-part time-of-use tariff for industrial customers.[endnoteRef:23] While this time-of-use tariff structure did result in a slight load shift, the time-of-use tariff was less successful than anticipated. Residential users were not included in the time-of-use tariff structure, and household energy consumption was the most significant contributor to peak demand. In South Africa, peak energy usage occurs twice a day, with a peak occurring during the morning (7 am-9 am) and evening peak (6 pm-10 pm). After further analysis, regulators concluded that residential usage spikes were the most significant contributor to peak usage spikes. In 2008 a time-of-use tariff was enacted to reduce these residential peaks.[endnoteRef:24] After enacting this time-of-use tariff, South Africa found that energy usage increased during off-peak hours.[endnoteRef:25] While there is evidence that time-of-use tariffs can be an effective tool for smoothing consumption peaks and valleys for grid systems there are limitations in applying these findings to rural communities such as the communities Energicity services.  [23:  Kirmera, R., Okou, R., Sebitosi, A.B., Owodele, O., A Concept of Dynamic Pricing for Rural Hybrid Electric Power Mini-Grid Systems for Sub-Saharan Africa, 2012.]  [24:  Kirmera, R. Et al., A Concept of Dynamic Pricing for Rural Hybrid Electric Power Mini-Grid Systems for Sub-Saharan Africa, 2012.]  [25:  Kirmera, R. Et al., A Concept of Dynamic Pricing for Rural Hybrid Electric Power Mini-Grid Systems for Sub-Saharan Africa, 2012.] 


The regulatory space for decentralized renewable energy systems is still evolving and is highly country-specific. India, for example, has a highly flexible regulatory structure and does not require a license or certification to build a mini-grid. Subsequently, mini-grid providers have adopted innovative tariff schemes to balance their system costs and their customers' ability to pay. Mlinda, a prominent mini-grid developer in Eastern India with over 50 deployed mini-grids, offers a time-of-use tariff structure. Mlinda charges on average 0.32 $/kWh during daytime hours or hours of generation and a 0.64 $/kWh nighttime tariff.[endnoteRef:26]This case study with Mlinda was one of few published examples of a specific mini-grid provider offering a time-of-use tariff, several other studies found that time-use tariffs are being deployed by mini-grid providers across Sub-Subhadra Africa and outline how several developers surveyed varied tariffs based on consumption level.[endnoteRef:27] A survey conducted by Energy4Impact in Lake Victoria also mentions that one mini-grid provider in Tanzania reported enacting a time-of-use tariff. The survey shows that the enactment of a time-of-use tariff in Tanzania led farmers to use irrigation systems in the day when the price of electricity was lower.[endnoteRef:28]   [26:  Alliance for Rural Electrification, Private Sector Driven Business Models for Clean Energy Mini-Grids Lessons learned from South and South-East-Asia, 2019, https://www.ruralelec.org/sites/default/files/2020-02-06%20-%20Private%20Sector%20Driven%20Business%20Models%20of%20Clean%20Energy%20Mini-Grids%20in%20SEA%20-%20Final.pdf (Accessed October 26, 2020).]  [27:  MGP, Sustainable Energy for All, BloombergNEF, “Global state of Mini-Grids Report (pg. 54 and pg. 117),” https://minigrids.org/wp-content/uploads/2020/06/Mini-grids_Market_Report-20.pdf (Accessed January, 2021).]  [28:  Energy 4 Impact, Demand Side Management for Mini-girds, April 2019, https://greenminigrid.afdb.org/sites/default/files/afdb_gmg_dsm_report_final_draft_cb.pdf (Accessed January, 2021).] 


Based on the reviewed papers, a time-of-use rate has been shown to be beneficial in specific contexts. Evidence that a time-of-use rate can be an effective mechanism to reduce system costs and incentivize customers to shift energy demand primarily occur in developed grid electrified economies. The findings from this literature indicate that a time-of-use tariff can yield an net economic gain. While, there are a few examples of time-of-use rates offered by rural off-grid mini-grid providers; there is very little detail on how time-of-use rates were applied and quantifiably how effective they were. It is not clear what loads customers may be willing to shift to daytime hours, and the opportunities for stimulating additional demand largely depend on the socioeconomic characteristics of each specific community. More research as to how time-of-use tariffs can be designed and implemented equitably and efficiently. 

Price Elasticity of Demand
An extensive literature review was also conducted to assess the price elasticity of demand for electricity to better inform how a time-of-use rate may affect energy demand. The purpose of this literature analyses was to derive a price elasticity of demand for Energicity's customers to model how they may respond to time-of-use tariff reductions during the day and an increased time-of-use tariff during the evening. While there has been limited research on price elasticity of rural mini-grid customers specifically, several papers analyzed the residential customer price elasticity of electricity in developing economies more generally. The description of the reviewed studies and price elasticity values are listed in table 3.

Table 3: Reviewed Price Elasticity of Demand Studies in Developing Economies 
	Study Name 
	Price Elasticity 
	Country 
	Time Period

	Household energy demand in Kenya: An application of the linear approximate almost ideal demand system (LA-AIDS) (Ngui et al.) 
	-0.63 to  -0.88
	Kenya
	 2009

	The Demand for Electricity in Israel (Beenstock et al.) 
	-0.21 to -0.58
	Israel 
	1999 

	Estimating the price (in)elasticity of off-grid electricity demand (Muller et al.) 
	-0.15
	Nepal
	2008

	 
 Revisiting income and price elasticities of electricity demand in Pakistan (Ishaque et al.) 
 
	-0.79 to -0.49
 
	Pakistan 
	1983-2011

	CrossBoundary Tariff Reduction Insight  
	-1.31 Low Usage Customers >3kWh moth 
-0.31 Higher usage Customers >
	Tanzania 
	2019-Ongoing 




Calculating price elasticity is highly localized and changes across customer samples. For the rural off-grid space, price elasticity is especially difficult to predict or measure because additional variables may affect price elasticity, such as customers' awareness of price differentials, perceptions of energy reliability, heterogenous incomes, and other spillover effects. 

For the modeled analysis, the CrossBoundary Tariff Reduction Insight was specifically utilized. This study's focus was mini-grid customers in rural Tanzania, and it was determined that the group of customers sampled in this study were most representative of Energicity's customer base. The CrossBoundary Tariff Reduction Innovation Insight calculated mini-grid customers' response to tariff reductions by measuring the subsequent increase in demand. This study found that a 66% tariff reduction led to an overall 107% increase in demand. However, differing customer segments had differing demand responses to the price reduction. For instance, the study finds that low usage customers (those that use less than 1kWh/month) showed the most significant percent increase in energy usage at 490%. While higher usage customers (those that use greater than 8kWh/month) had a greater absolute increase in demand, the overall percent increase was only 20%.[endnoteRef:29] While the CrossBoundary study did not report price elasticity, the report outlined the adjusted percent tariff reduction and percent increase in demand; with this information, price elasticity of demand could be derived for each reported customer segment.  [29:  CrossBoundary, Energy 4 Impact, Measuring the impact of reducing mini-grid tariffs on customer consumption and grid NPV, September 2020.] 


This study found that customers who utilized less than 1 kWh/month have an average price elasticity of -7.66, while customers that used more than 8kWh a month had a price elasticity of -0.31  (The negative sign is due to the inverse relationship between demand and price). The customers in the highest CrossBoundary user segment (> 8kWh/ month users) best represented Energicity’s average customer. [endnoteRef:30]By interpolation the CrossBoundary price elasticity’s were applied to Energicity customer base. However, without measuring Energicity's customers price elasticity directly, it is impossible to say with certainty what customers' response to a price increase or reduction may be.  [30:  CrossBoundary, Energy 4 Impact, Measuring the impact of reducing mini-grid tariffs on customer consumption and grid NPV, September 2020.] 


Further analysis was also conducted to understand the asymmetric nature of customers response to price increase or price reductions. Based on a series of studies reviewed it is clear that price elasticity is not perfectly linear.  Price elasticity has been found to be dependent upon the customer usage quartile and time of electricity use. For instance, Razali et al. conducted a study in South Australia found that lower quartile energy users were more price-sensitive and were shown to have a more elastic response. The Razali et al. study also finds that customers' price elasticity differs based on the time of day. This is consistent with CrossBoundary Tariff Reduction Insight customers' in the lowest customer usage segment were the most sensitive to price and were price elastic. Price elasticity was also found to be dependent on whether there were viable fuel alternatives, a study conducted in Kenya found that customers price elasticity of demand differed based on fuel type.[endnoteRef:31] [31:  Dianah, N., John, M., Hellen, O., Eric, A., Household energy demand in Kenya: An application of linear approximate almost ideal demand system, 2011] 


Customers' price elasticity is dependent upon their use of energy. A study conducted in Rural Rwanda by Peters et al. found customers have a high willingness to pay when using electricity for phone charging and lighting. evidence that residential customers, even low-income rural households in sub-Saharan Africa, have a high willingness to pay for electricity. [endnoteRef:32]  While there are many indications that customers have asymmetric price response, there have been very few studies that specifically analyze the price elasticity of demand for electricity in rural developing economies. While there are lessons and insights to gather from studies that show price elasticity will differ based on energy usage, season, and even time of day, this is an under-researched area. Additional studies specifically focused on analyzing price elasticity of demand of electricity in rural developing economies would help facilitate more effective tariff design.  [32:  Peters, J., Sievert, M., “Looking for the best energy solution for the rural poor,” December 30, 2020. https://theconversation.com/grid-or-solar-looking-for-the-best-energy-solution-for-the-rural-poor-150781 (Accessed April 2021)] 
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Customer usage trends are first analyzed to establish the current customer usage trends.  Energicity has a robust metering system; each customer is connected to a smart meter that collects 15-minute interval data on each user’s energy consumption. The 15-minute readings were extracted and sorted based on customer id, and an outlier test was used to remove erroneously high customer readings. Data was collected and analyzed from January 1, 2020 to December 31, 2020. The data collected included hourly energy use per customer, daily customer use per customer, total energy use across the mini-grid portfolio, and total customer count. 

Customer usage trends were analyzed to understand how a time-of-use tariff could be structured to fit the Energicity customer base. Customers' daily and monthly usage behavior differed based on the amount of energy they utilized daily. From this average daily usage analysis, two distinct customer segments emerged. These segments were high users, those that utilize more than 0.5kWh/day, and lower use customers that utilize less than 0.5 kWh/day.  Hourly load profiles were analyzed to assess how customer's energy demand may shift during the day. Two average load profiles were derived based on this analysis, one for the high usage customer segments and one for the low usage customer segments, seen in figure 1 and figure 2. 

Figure 1: High Customer Usage Segment Daily Usage Trends 


Figure 2: Low Customer Usage Segment Daily Usage Trends


The Low usage customer segment represents 87% of Energicity's customer base. These customers can reasonably be classified as residential and often use electricity primarily for lighting. Residential users consume 56% percent of their energy during peak evening hours, 6 pm to 11 pm, and 81% of their energy consumption occurs when the solar hybrid mini-grid system is not generating electricity. These findings are consistent with field observations. Energicity customer operations team has found that residential users generally use electricity for lighting and phone charging during evening hours. 

Based on this graph, it is apparent that the high usage segment, those who utilize more than 0.5 kWh/day, have a higher sustained energy demand throughout the day. This user group represents 13% of Energicity’s customer base. High usage customers have the highest daytime energy consumption –  consuming 45% of their total daily demand electricity during the day. Currently, 95% of daytime energy demand (9 am to 5 pm) is met by high usage customers. Based on these trends and observations made by the customer operations team, it is likely that this segment of customers, those who utilize more than 0.5 kWh/day, may have more opportunities to shift their consumption to off-peak hours and take advantage of a time-of-use tariff than low usage customers. More analysis is needed to better understand the potential for the high usage segment users to shift their evening energy demand. For example, it would be useful to understand if the derived average load profile is typical across all high usage users, and one question that remains is if users who have high peak energy use are the same customers utilizing energy during the day. 
An individual customer analysis would be needed. Based on the data available this was not a feasible analysis to construct. More discussion of customers’ ability or inability to shift their energy consumption to daytime hours is included in the discussion section. 

Methods for developing Time-of-use Tariff Structure
Due to the cost differentials between supplying energy during generation hours vs. non-generation hours, the off-peak times were determined based on when the solar hybrid mini-grids were generating electricity. NREL’s PV-Watt calculator was used to determine these peak vs. off-peak hours. Sierra Leone has fairly consistent sunlight throughout the year, the shortest day is 11.25 hours, and the longest day is 14 hours. While daylight hours are relatively constant, seasonality effects are considered; during the rainy season, typically from June through September, when PV-generating capacity falls by nearly 20%.  The graph below depicts the average PV-generation over a year, and each bar represents the average hourly generation by season expressed in kW. In conclusion, the early evening hours and late evening hours during the rainy season constrained peak hour eligibility. To be included in the peak hour pricing, the system needed to be generating more electricity than the average load demands for each month of the year.[endnoteRef:33] Based on the graphical results below, the system generates more energy than the average load from 9 am to 5 pm, and these hours are considered off-peak hours. Peak hour times were then considered 5 pm to 9 am, and a higher rate was modeled during these times.  [33:  During the early morning hours of winter (i.e., 8 am), the minimum generation per site is roughly 2kWh. On average, each community's demand for power is only .17kWh; there is plenty of solar electricity generated to meet demand even without storage.] 


Figure 4. PV-Generating Capacity for Energicity Mini-grid Portfolio  
 
Source: NREL[endnoteRef:34] [34:  NREL, PVWatts Calculator,” https://pvwatts.nrel.gov/ (Accessed January 2021).] 


Based on conversations with Energicity and analysis collected in a literature review, it was determined that at least a 20% price differential should be charged between the peak and off-peak price to incentivize a load shift. [endnoteRef:35] A tariff adjustment was applied to both the off-peak (daytime) and peak (nighttime) periods.  The tariff adjustment modeled during off-peak hours is a reduction, and the tariff adjustment modeled during peak hours is an increase in price from the fixed tariff. Three tariff adjustments were applied to analyze the effect, and the price adjustments can be seen in the table below.  [35:  Muzmar, M., Time-of-use pricing for residential customers case of Malaysia, IEEE, 2015.] 


Table 4: Tariff Adjustments expressed in $/kWh
	Time 
	Fixed Tariff
	10% Tariff Adjustment
	12.5%Tariff Adjustment
	15% Tariff Adjustment

	Off-Peak (Day) 
	$0.52
	$0.47
	$0.46
	$0.44

	Peak 
(Night) 
	$0.52
	$0.57
	$0.59
	$0.6



One of the literature review purposes was to derive a price elasticity of demand for Energicity’s customer base, and price elasticity values were interpolated from CrossBoundary's Tariff Reduction Innovation Insight. Due to differences in customer segments between the CrossBoundary sample and Energicity's customer base, a weighted average method was used to calculate a  price elasticity index corresponding to Energicity’s customer segments. The second inference made was that demand rises linearly as tariff reductions increase, as there was no data on how varying price reductions resulted in differential demand responses. 

Table 5:  Price Elasticity of Demand applied to Energicity Customer Segments[endnoteRef:36] [36: ] 

	Energicity Customer Segments (kWh/day)
	Price Elasticity

	Low Users < 0.5 kWh
	-3.29

	High Users >2kWh
	-0.31


*Low user elasticity was derived from the weighted average between Cross Boundary’s low-segment, low-mid segment, and mid-segment 

Based on the price differential between off-peak and peak, there is a change in customers' energy demand that corresponds to the price elasticities listed in the table above. The total energy demand stays constant, but the amount of energy consumed in the peak or off-peak period varies based on the modeled time-of-use tariff adjustment.

Figure 5: Total Daily Energy Demand in Peak and Off-peak period  


The amount of energy consumed and the time it is consumed affects costs and revenues. Costs were derived from detailed coordination with the client Energicity (see Appendix A). Each line item cost is modeled as a function of time, number of connections, number of grids deployed, or fixed cost. Thus some costs are dependent on the amount of energy sold and the time that energy is consumed. Therefore, some costs are reduced if there is a shift from evening energy demand to daytime energy demand. Costs also fluctuate based on the amount of energy sold, as the more energy you sell, the more generation you need.  Revenues are also dependent on the amount of energy sold; more energy sold leads to higher returns. Thus, a time-of-use rate affects both costs and revenues. 

Scenario Modeling
To understand the effects of a time-of-use tariff. The first is a simple time-of-use tariff in which tariff is the only variable adjusted. The second aims depict what would happen if there was a time-of-use tariff that stimulated a 10% increase in daytime energy demand. Increased energy demand was expected as lowing daytime tariff would ideally attract additional users who may currently be relying on diesel generation. A 10% increase in daytime or a 2.9% overall demand increase was a modest increase to assess how increasing demand affects revenue and cost.   

The third scenario modeled an asymmetric price elasticity between the off-peak tariff reduction and the peak period tariff increase. A customer’s price elasticity of demand for energy is dependent on customers' use for energy, accessibility of alternative fuel sources, and willingness to pay for electricity. Studies have found that residential customers who primarily utilize electricity for lighting and phone charging have a high willingness to pay for electricity.[endnoteRef:37] This high willingness to pay would likely lead this customer to have a more inelastic response to peak energy tariffs. Therefore this third scenario modeled customers to have a more elastic response to off-peak tariff reduction and a more inelastic response to peak tariff reduction, to understand the effect of potential asymmetric price elasticity of demand.  [37:  Peters, J., Sievert, M., “Looking for the best energy solution for the rural poor,” December 30, 2020, https://theconversation.com/grid-or-solar-looking-for-the-best-energy-solution-for-the-rural-poor-150781 (Accessed April 2021).] 


A fourth scenario was modeled to address potential equity concerns, in this scenario, low usage customers who consume less than 0.5 kWh/day were not included in the time-of-use tariff intervention. These customers primarily rely on electricity for phone charging and lighting and would likely find it incredibly difficult to shift their demand to off-peak hours.  If they did not shift their energy load, this would result in a 7% to 11% increase in their energy expenses. This group is the most income-constrained customer segment, and this additional expense presents an equity concern. One alternative would be to apply a time-of-use rate to only high usage customers who consume more than 0.5 kwh/ day. The remaining customers could then be eligible for a "lifeline" tariff that allows for a lower fixed cost for the first 0.5 kWh/day. The objective of modeling four different scenarios was to compare how compounding variables may affect the net economic gain from enacting a time-of-use tariff.  

A financial model was developed from these scenarios to determine how a time-of-use tariff affected line item costs and revenue. Additionally, a capital structure analysis was run based on Energicity’s disclosed capital structure to understand the internal rate of return of the four scenarios against the current fixed tariff business model. 

[bookmark: _Toc70315944]Results and Discussion

The results of the four modeled scenarios show a time of use rate leads to a positive net economic impact, a decline in costs, and an increase in revenue. Based on the modeled scenario analysis, a time-of-use tariff yields a minimum 0.75% increase in revenue and a maximum 3.9% increase in revenue. The modeled revenue returns and cost reductions for each of the four scenarios are depicted in figure 6 below. Per the analysis there was a positive increase in revenue in all of the model time-of-use scenarios and a reduction. The greatest increase revenue was derived from the demand growth and asymmetric price responses models.  

Figure 6: Time-of-use (TOU) Revenue 
 Time-of-use(TOU)     TOU + Asymmetric      TOU + 10% Demand      TOU Select Customers  	 	

*Time-of-use rate (Scenario 1) was simply a tariff adjustment; TOU + Demand Growth (Scenario 2) was time-of-use rate and a 10% increase in daytime energy demand; TOU+ Asymmetric (Scenario 3) modeled a more elastic response to the off-peak time-of-use tariff reduction and a more inelastic response to the peak period time-of-use tariff increase; TOU + Select (Scenario 4) modeled a time-of-use rate only applied to high usage customers; those that consume more than 0.5 kWh/day. 

A time-of-use tariff also yields a cost reduction of at least  0.56% based on modeled analysis. The enactment of such a tariff also led to a nearly 8% percent savings in storage costs. A time-of-use tariff was also found to result in maintenance costs savings as Energicity primary operating expense is servicing batteries. Maintenance costs were modeled as 2.5% of the baseline capital expenditures and 2.5% percent of storage expenditures. 

Figure 7: Time-of-use (TOU) Costs 
Time-of-use(TOU)     TOU + Asymmetric     TOU + 10% Demand   TOU Select Customers  	 	

*Time-of-use rate (Scenario 1) was simply a tariff adjustment; TOU + Demand Growth (Scenario 2) was time-of-use rate and a 10% increase in daytime energy demand; TOU+ Asymmetric (Scenario 3) modeled a more elastic response to the off-peak time-of-use tariff reduction and a more inelastic response to the peak period time-of-use tariff increase; TOU + Select (Scenario 4) modeled a time-of-use rate only applied to high usage customers; those that consume more than 0.5 kWh/day. 

A third assessment was also conducted to compared and contrast the breakeven cost from the modeled scenarios against the current fixed tariff structure. The breakeven price of electricity is defined as the minimum rate that Energicity needs to charge to recoup its expenses. This includes all operating costs, capital costs, and the deprecation of assets. The value listed in blue is the breakeven cost prior to a time-of-use intervention and can be seen as the control or competitive point. All of the modeled outcomes led to a reduction in the breakeven cost, which indicates that a time-of-use tariff is economically efficient.  Per the analysis, there was a positive increase in IRR in all of the model time-of-use scenarios. The greatest increase in IRR was derived from the demand growth and asymmetric price responses models.  





Table 6: Breakeven Price of Electricity  
	Fixed Breakeven cost 
	$0.68
	Time-of-use rate (TOU)
	TOU + 10% Demand Growth  
	TOU+ Asymmetric 
	TOU + Select

	Tariff Adjustment 
	$0.10
	$0.66
	$0.65
	$0.64
	0.674

	
	$0.13
	$0.65
	$0.64
	$0.64
	0.673

	
	$0.15
	$0.65
	$0.64
	$0.65
	0.672


*The Breakeven Cost is higher than Energicity's existing tariff because Energicity receives some grid cost subsides from the Sierra Leone Government and Rural Renewable Energy Program Stakeholders. These costs were included in the calculate, which is why the breakeven cost is higher. 

The final assessment that was completed was a 20-year cash flow statement to derive the project's internal rate of return. The four molded scenarios are compared against the baseline fixed tariff model. Table 7 depicts the unlevered IRR, which is the rate of return of the 20-year cash flow statement without accounting for financing. Table 8 depicts the levered IRR per each scenario. The levered IRR accounts for financing or debt payments. The levered IRR was calculated by deriving Energicity’s estimated annual principal payment over the 20-year horizon. 

Table 7: Unlevered IRR 
	Fixed Tariff Unlevered IRR
	17.7%
	
	
	

	 Tariff Adjustment 
	Time-of-use rate (All)
	TOU+ Asymmetric 
	TOU+ 10% Demand Growth  
	Time-of-use rate (Select)

	10%
	18.8%
	19.3%
	19.10%
	18.05%

	12.50%
	18.9%
	19.5%
	19.18%
	18.01%

	15.00%
	18.9%
	19.8%
	19.22%
	18.05%









Table 8: Levered IRR 
	Fixed Levered IRR 
	17.9%
	
	
	

	 Tariff Adjustment 
	Time-of-use rate (All)
	TOU+ Asymmetric 
	TOU+ 10% Demand Growth  
	Time-of-use rate (Select)

	10%
	18.7%
	19.8%
	19.26%
	18.55%

	12.50%
	18.8%
	20.2%
	20.00%
	18.48%

	15.00%
	18.8%
	20.5%
	20.00%
	18.55%



While the modeled results depict that a time-of-use tariff can increase revenue and reduce costs, there are real-world limitations. An increase in daytime energy demand or load shift are effects that do not necessarily happen organically due to the lack of perfect information and capital constraints. For these shifts to happen, Energicity's customer operations team would likely need to proactively engage with customers to inform them how they can take advantage of a time-of-use tariff. These results should be interpreted as the potential net economic gains resulting from an enacted time-of-use tariff.

Limitations 
It is extremely difficult to forecast customers' response to an intervention like a time-of-use rate. There are some clear limitations to the four scenarios modeled in this analysis, and as more data becomes available, it would likely be necessary to revise these scenarios. Additionally, to precisely quantify customers' response to a time-of-use tariff, a pilot study on Energicity's customer base would be needed.

Price elasticity data was derived from the CrossBoundary Tariff Reduction Innovation Insight. However, there are limitations to applying CrossBoundary’s research to Energicity’s business model. The first restraint stems from the fact that Energicity users have a higher overall energy demand, and its customers have a higher average daily energy use. A higher energy demand seems to correlate to more inelastic price elasticity of demand. Additionally, the demand elasticity indexes derived from CrossBoundary’s analysis varied significantly based on the customer segment. For instance, CrossBoundary lowest using segment customers (customers who use less than 30 Wh/day had a price elasticity of -7.66 while customers in the studies' highest customer segment (customers who use more than 250 Wh/day) had a price elasticity of -0.31.  It was also assumed that price elasticity was linear. This is an overly simplistic assumption that was made due to data limitations. Price elasticity of demand, particularly for energy, is dependent on many factors, such as customer use for electricity, the time of day, season, reliability of services. To more accurately measure the effects of how a time-of-use tariff may affect costs and revenue, more data on customers' price elasticity of demand would be extremely valuable. In future renditions of this analysis, additional research on price elasticity is needed. More information on price elasticity could come from other Sierra Leone mini-grid providers.  Another means to gather additional data would be to measure the demand response from future tariff adjustments. Energicity plans to adjust its tariffs in the upcoming months. A study to compare demand before and after Energicity adjusts tariffs could provide additional price elasticity of demand data. Ultimately a better understanding of off-grid customers' price elasticity demand would enable greater certainty for revenue predictions going forward.

The modeled results only depict the benefits that can be readily monetized. Other benefits from a time-of-use rate that are difficult to measure were not included in the results. For instance, if a time-of-use rate can help reduce the peak load, system reliability may improve. When there is a high load draw during peak hours, the battery is being discharged quickly, when the discharge current is high the power output is reduced. When the battery system is being discharged quickly for a prolonged period, it can affect grid reliability and result in outages if the load is too high for the battery system to maintain the current supply.[endnoteRef:38] Based on the experience of Energicity, grid reliability is a key concern, and reducing peak loads would help reduce the strain on the battery system.  Perceived reliability of the system affects customers' willingness to pay for electricity, increasing the reliability of Energicity’s mini-grid systems can a means to entice users to switch to solar energy use.   [38:  PV Education, “Battery Capacity,” https://www.pveducation.org/pvcdrom/battery-characteristics/battery-capacity, (Accessed January 20, 2021).


Appendix A: Cost 

Table A.1: Description of Operational Costs and Coefficients Utilized in Model 


Appendix B:  Hourly Customer Usage Trends 

Table B.1: Deriving Existing Off-Peak (8 am to 6 pm) Usage Demand 
*graph shows how much of daytime energy demand is captured by differing customer segments
Table B.2: Average Usage by Customer Segment 




] 


[bookmark: _Toc70315945]An increase in system demand can occur from customers increasing their energy demand over time. However, natural demand growth would be extremely difficult to project. There are no credible sources or methodologies to determine the potential load growth of off-grid customers. While electrified economies have shown to increase demand throughout time, the exact amount of natural load growth that could be expected from rural electrified mini-grids is entirely speculation at this point. One thing is for certain demand will not be constant year over year. Based on the limited data available at this time, both models derived revenue and cost projections based on the usage data collected from 2020-2021 and assumed that users would remain at this level through the 20-year financial forecast. 

Conclusion

The results from this analysis provide a framework for how Energicity can proceed with implementing a time-of-use tariff. This analysis also identifies areas of study that can be strengthen to help ensure that mini-grid providers, financial stakeholders, and regulators have access to information to implement cost efficient tariffs. While more research is needed on the topic of time-of-use tariffs, especially in the rural off-grid context, a time-of-use tariff structure would allow mini-grid providers like Energicity to account for the price differential between servicing daytime and nighttime loads. Under a time-of-use tariff, customers pay for their actual energy consumption costs and have an incentive to react to price changes. This research provides a look at the modeled economic benefits that can result from the enactment of a time-of-use Tarff.  Based on modeled results, a time-of-use tariff is an effective mechanism to reduce storage costs and increase revenue. 

This analysis also found that time-of-use tariffs can be designed to meet the specific demands of a mini-grid providers customer base. Time-of-use tariffs can designed in an equitable manner applied to only a certain customer group to ensure that vulnerable customer groups do not see an increase in their energy expenses. Time-of-use programs can be tailored to the constrains of the system, designed around a systems generational capacity and peak energy demand.
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