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Abstract

:

The development of 100% renewable electricity (RE) systems play a pivotal role in ensuring climate stability. Many municipalities blessed with wealth, an educated and progressive citizenry, and large RE resources, have already reached 100% RE generation. Impoverished municipalities in unwelcoming environments both politically and climatically (e.g., northern latitudes with long, dark winter conditions) appear to be incapable of transitioning to renewables. This study challenges that widespread assumption by conducting a detailed technical and economic analysis for three representative municipalities in the Western Upper Peninsula of Michigan. Each municipality is simulated with their own hourly electricity demand and climate profiles using an electrical supply system based on local wind, solar, hydropower, and battery storage. Sensitivities are run on all economic and technical variables. Results show that transition to 100% RE is technically feasible and economically viable. In all baseline scenarios, the 100% RE systems produced a levelized cost of electricity up to 43% less than the centralized utility rates, which are predominantly fueled by gas and coal. Current policies, however, prevent such self-sufficient systems from being deployed, which are not only detrimental to the global environment, but also aggravate the economic depression of such regions. Potential energy savings advance the prohibitive energy justice principle.
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1. Introduction


1.1. Motivation


The recent reports from the 25th Conference of Parties (COP25) of the United Nations Framework Convention on Climate Change (UNFCCC) in 2019 show that global warming, which is mainly the result of greenhouse gas (GHG) emissions from fossil fuel combustion, requires immediate action to avoid impending catastrophes. This is based on previous scientific reports from the Intergovernmental Panel on Climate Change (IPCC), demonstrating that the world has about a decade to limit global warming below 2 °C to prevent irreversible change [1,2,3].



To meet this target before 2030, each country is required to achieve an annual emission reduction of 7.5% from their current emission status. Although average global emissions for the year 2019 experienced about a 17% reduction in CO2 emissions at the end of first quarter of 2020 due to COVID-19, recent research has shown a rebound in countries easing out on lockdown and corresponding surge in socioeconomic activities [4]. Achieving 7.5% reductions in emissions still requires more aggressive strategies to change the global energy system.



The largest portion of global GHG emissions comes from the combination of electricity and heat sectors. About a quarter of global total GHG are the result of burning coal, oil and natural gas for generating electricity and heat [5]. About 92% of U.S. emissions from the electric power sector came from coal and natural gas in 2016 [6]. There is thus an immediate need to transition the U.S. electricity sector from the current dominant sources to clean and renewable resources.



Achieving such a transition is challenging in the face of the country’s complex, inconsistent energy policies and the U.S. decision to pull out from the global climate pact. While the policy irregularities hinder definite steps towards transition at the federal level, efforts from state and local policies have been more useful. However, five municipalities in the U.S. (Aspen, CO; Rock Port, MS; Greensburg, KS; Burlington, AR and Georgetown, TX) have already transitioned to a 100% RE supply for electricity [7,8]. This transition may be replicated in many other municipalities or counties in the U.S. that are interested in switching to renewables. The achievement by each of the municipalities is arguably in part due to the technical feasibility of harnessing available energy resources.



To probe that assumption, this study investigates a challenging northern climate region. In general, many of the municipalities and counties in the northern rural part of U.S. are facing challenges with their energy systems. For example, Upper Peninsula (UP) residents within the Upper Peninsula Power Company’s (UPPCO) service territory, have $0.2350/kWh electricity prices [9], twice as much as the national average (Figure 1). Utilities face large costs for serving sparsely populated households creating higher distribution costs, which raise electricity costs. When coupled with the population’s relatively low-income levels and the corresponding hardship of paying electricity bills, a higher-than-average utility bill nonpayment is observed [10]. Thus, the main concern in this community is to have an electricity system that will be more flexible, affordable, and reliable.



Against these backdrops, the main aim of this paper is to investigate technical feasibility and economic viability of 100% RE in the extremely weather challenged northern region of the United States. A secondary purpose is to compare the cost of the existing fossil fuel dominated system with 100% RE system to investigate the energy burden reduction and provision of a just service to residents. Finally, it focuses on assessing self-sufficiency of isolated rural communities in achieving 100% RE transition and the conditions with which that can be achieved.




1.2. Literature Review


Coal and natural gas are the main sources of electrical generation for the utility serving the UP. The utility’s generation mix constitutes 17.2% from hydroelectricity generation facilities, while 82.7% are purchased from the Midcontinent Independent System Operator (MISO) [11]. With less RE being deployed for electricity supply by the utility, this may form an integral part of why its rate is among the highest in the U.S. Prehoda et al. [12] have found that all households would save money with deployment of customer-owned solar photovoltaic (PV) systems, yet utilities have used various techniques to minimize customer-owned distributed generation, including a generation cap in UPPCO territory. In areas that are allowed to deploy RE, integration of RE is increasing, with the community of L’Anse in the western UP region adopting community solar [13,14,15].



There is clearly an economic case for small-scale distributed generation of RE technologies in the region, but RE may not be technically or economically viable with greater penetration rates. The objective of this study is to determine the techno-economic feasibility of 100% RE supply and sufficiency in a northern region. These regions can be classified as unlikely for RE transition due to extreme weather and long winters with up to eight months of snowfall, which also has effects on socioeconomic activities [16]. Hourly electricity load profiles are modeled with 100% RE supply based on local wind, solar, hydropower, and battery storage, including sensitivities on component costs, discount rates, effect of load reduction, and snow losses. The results are presented and discussed in the context of both technical and economic viability of 100% RE for northern communities.



1.2.1. 100% RE Transition and Concerns for Unlikely Places


Scholars have raised concerns about the absence of some important socio-technical elements in some rural places, making them unlikely to independently achieve a renewable energy transition [17,18]. Socially, rurality (of rural communities) has been characterized by population loss, economic decline, and continuous poverty [17]. Homsy [18] describes U.S. rural areas as smaller, poorer, and less progressive municipalities in the country, which are statistically modelled to be least likely to take climate action. This is due to different forms of capital (e.g., economic (finance)—human (technical know-how) and natural (weather related))—being presumed to be relatively inadequate to lead to RE transitions in rural places.



In addition, in northern rural communities, there are technical challenges of extreme weather conditions with long cloudy winters and corresponding low solar penetration such as the case for the UP of Michigan, U.S [10,16] and Nunavut, Canada [19]. The same argument holds for other rural places in the arctic region (e.g., Russia, Norway, Sweden, Finland, Greenland, Iceland, and the northern U.S). This is true of both fixed and nomadic communities in the north [20]. In such rural isolated communities with extreme cold climates there is a presumed limitation to RE transition potential. Apart from the extreme weather, more frequent weather events such as ice and windstorms are a threat to residents of the state of Michigan under the current, centralized energy infrastructure [21].



Winkler et al. [22] describe how art can be used to invigorate rural areas. If art is closely linked to the expression of beauty and attraction to nature, then some RE infrastructure could fit into such a category. For instance, hydropower plants and the waterfalls accompanying them attract people and tourists just like other art works [23,24]. The same has been discussed regarding wind tourism [25] and solar tourism [26] particularly for rural regions using agrivoltaics [27], which is the co-location of agriculture and PV [28]. Such scenic beauty and outdoor recreation potential are drivers of population and economic growth [17].




1.2.2. Community-Based 100% RE Modeling


Recently, the modeling of 100% RE systems for communities has been increasing as there are calls for climate action [29], the Russian invasion of Ukraine makes renewable energy a national security priority [30], and the clear need for considering more cost-effective alternative energy deepens [31]. Grid connected systems [32] are an example among numerous studies where 100% RE has been modeled for remote communities using Hybrid Optimization of Mixed Energy Resources (HOMER) Pro software. Resources include hybrid systems of solar, wind, hydro, battery, and power to hydrogen for grid and off grid applications. Nonetheless, most of these studies modeled their 100% RE system using computed estimated load [33,34] or generic load data from HOMER Pro [35]. Other grid connected case studies such as [36,37], which utilized real energy data in their model, only involved a few buildings from the selected sites. Such scholarship is gaining traction across the world due to an increasing focus on clean and renewable energy technologies with an aim to meet climate goals, provide energy security, and rein in volatile fossil fuel costs.




1.2.3. 100% RE Transitions and Energy Justice Concern


Another dimension to the transition to renewable energy is the concern of how injustice is perpetuated in the generation and distribution of energy in rural places. This concern is rooted in interdisciplinary energy justice research. Energy justice is an emerging concept in energy discourse that considers equitable distribution of energy services as the minimum requirement of an individual in attaining basic goods and services needed for life [38,39]. Two energy justice principles—affirmative; energy as derivative to the human right to basic goods, and prohibitive principles; the non-interference of that personal right [40]—provide grounds for the discussion of energy justice in 100% renewable electricity research, such as this paper.



Isolated northern residents are more sensitive to energy security to meet their basic needs, cutting across electricity, heating, cooling, and mobility (transportation). In the long, cold winter that usually lasts up to eight months, electricity service can be crucial for cooking, lighting, and sometimes for heating. The same needs are met in the short, but warm summer with requirements for cooling rather than heating. Thus, the absence of such an energy service is a threat to life, which is a fundamental right of every human [41]. High electricity costs in low-income and northern regions can challenge or interfere with the fundamental rights of rural citizens and thus requires an investigation into the potential of having clean, affordable, and reliable electrical energy. These energy justice issues are being exacerbated by the COVID-19 pandemic [42]. It is important to emphasize the impact of higher energy costs on people, especially those in rural communities in terms of economic burden. There is a direct proportionality between the cost of energy services delivered and the experience of energy burden inflicted on the consumers of such services. In the presence of cost competitive alternatives, the continuous infliction of such a burden through high-cost energy services is considered to be an injustice [43,44].





1.3. Main Contributions


This paper strengthens the argument for the possibility of a wholly renewable electricity transition in many unlikely places such as the UP of Michigan, characterized by extreme weather conditions. Although there have been various studies and modeling on 100% RE for islands and other isolated communities, most of them are done using generic load data or, at best, some interpolation of energy data from few sample buildings to represent the larger community, with some assumptions to bring the system model close to reality. For this study, actual 8760 h’ utility load data of an entire service territory is used in modeling complex and climatic northern communities of study. Thus, the results and analysis from this study are closer to reality and can be directly utilized by utilities, policymakers, stakeholders, and researchers in planning for multiple tens of MW municipal or a community wide 100% RE scenario. This is more important with growing local, state, and national level clean energy plans with distributed renewable energy resources being the cynosure of the goals. This approach stands in stark contrast to the current model that uses distributed RE sources as minor players in a conventional, centralized grid primarily dependent on large scale fossil fuel or nuclear power plants.



The study builds on existing claims from the literature on challenges and the unlikelihood of locations, such as the cases considered in this study, to transition to a 100% RE. It also projects some conditions under which a 100% RE system can remain cost competitive against a fossil fuel-based system for isolated rural areas. Electrification across the building (heating) and the transport sector is a clear trend. Thus, this paper calls for decarbonization through electrification.



Lastly, and most importantly, this paper brings to fore the need for considering 100% RE as a means of achieving energy justice through the lens of affirmative and prohibitive principles of energy justice. Despite the popularity gain of past research on techno-economic modeling of 100% RE for municipalities and local communities, there is very little connection to how such systems support the achieving energy justice. In this paper, the results provide a strong argument for the prohibitive justice principle of energy justice by comparing potential savings that customers (or residents) of the understudied municipal utilities can achieve. This integration of the qualitative analysis of justice in energy systems modeling is germane to the discussions of needs for, and the impact of, energy transition to RE.




1.4. Paper Structure


Section one of this paper provides a general overview of the underlining motivations and rationales for considering 100% RE transition research in Michigan’s UP, while the technical feasibility and economic viability of such system in this region is investigated. This is in part due to the weather situation in this area that calls for such an investigation. The need for this transition based on energy affordability and justice concept nexus is introduced. The section also includes a review of literature to strengthen the need for 100% RE in the UP, as well as the contributions of this paper to energy transition scholarship.



In section two, the method of data collection and assumptions made in designing and modeling 100% RE systems for three case studies with different utilities (electricity providers) are discussed. This includes a schematic diagram of composition, key performance indicators, weather data, and cost assumptions of the system. Results are presented in Section 3 for the base case of cost and sensitivity analysis with different cost variables. In Section 4, the feasibility and economic justification of 100% RE transition in the three case study municipalities are discussed. Policy and program mixes are suggested to support this transition’s competitiveness across assumptions that are embedded in the system design, modeling, and extended consumption through increased electrification of various sectors.





2. Method


The electricity systems from utilities of three municipalities from Michigan’s Upper Peninsula: Negaunee, L’Anse, and one that requests to remain anonymous, are used as a representative sampling of the Western UP (WUP). Each municipality is simulated with its own hourly electricity demand and climate profile. Electricity supply systems based on local wind, solar, hydropower, and battery storage are simulated using the Hybrid Optimization of Mixed Energy Resource Professional (HOMER Pro) software [45]. The applicability of this software spans private sector captive hybrid systems deployed by [46,47,48] and microgrid distributed energy systems for rural communities by [49].



The UP is rich in natural resources and today already utilizes a broad range of renewable energy technologies, including solar, wind, hydro, and biomass. In this study, only solar, wind, and hydro are investigated, which are the three leading electricity generating RE technologies globally [50,51] due to low and falling component costs [52]. Lithium-ion batteries are the only storage technology considered in this study, given their locational flexibility. They are also increasingly available at different scales based on their various deployment for mobility and electricity at the utility, commercial, and standalone scales [53,54].



A number of sensitivity analyses, including component costs, discount rates, effect of load reduction, and snow losses at various tilt angles are performed to quantify the high amount of both short-term and long-term uncertainties. Short-term uncertainties relate to the installed costs of renewable technologies, which can change rapidly due to policies (e.g., subsidies or tariffs) or the general reduction in costs due to learning and scale. Long-term uncertainties relate to the cost of capital, energy efficiency/load reduction, and pricing in the electricity market. A simple schematic of the modeling process is provided in Figure 2. Further details on each technology are provided in subsequent sections.



The system diagram used for each municipality is shown in Figure 3, where each component is simulated with one representative alternative. Due to a lack of data regarding hydrological resources, hydropower is not explicitly modeled in HOMER, but represented using the grid connection. Each community has access to a proportional share of existing hydro resources, which is explained in Section 2.7.



The communities are treated like prosumers rather than merchant energy providers, meaning that their 100% RE systems should be designed to supply their own load and not build overcapacity when it is potentially profitable to do so. To force HOMER to prioritize electricity supply to the community, grid exports are prevented in the simulations. This leads to the appropriate PV, wind, and battery capacities needed for a 100% self-sufficient community, but undervalues the sales potential of excess generation; therefore, revenues from grid sales are removed from the energy cost post-process.



Cost-optimal component capacities are found using HOMER’s optimization algorithm. All systems are considered to be community scale, i.e., several megawatts in capacity, which is the underlying driver of specific components and their cost assumptions. The economic lifetime of the system is 30 years; however, only single-year energy simulations are run due to the use of HOMER’s optimizer. The remainder of this section includes detailed boundary conditions for each component and system simulation, and a complete listing of input parameters and references can be found in Appendix A.



2.1. Key Performance Indicators


Component sizing is optimized by HOMER for minimal total net present cost (NPC), described by:


  N P C =  C 0  +   ∑   y = 1  L       C y  +  O y  −  R y  −  S L        1 + d    y      ,  



(1)




which discounts costs occurring in year (y) with rate (d) over the lifetime (L) back to the present, including initial capital expenditures for building the system (C0), the replacement of equipment (Cy), operational expenditures (Oy), revenues earned from the sale of overproduction to the grid (Ry), and salvage value of equipment that has not reached its end of useful life (SL).



To make NPC results relatable, costs are presented as the levelized cost of energy (LCOE), defined by:


  L C O E =   N P C    E y    ⋅     d     1 + d    y        1 + d    y  − 1      



(2)







This form of LCOE is suitable for systems with constant annual energy generation or demand over time. HOMER has an internal LCOE calculation (labeled cost of energy, COE) which uses Equation (2) and includes all generation from the system for annual electricity, including that which is sold to the grid.



For this study, grid sales are not considered relevant to the supply of the community, only an economic benefit towards reducing costs. Therefore, LCOE is calculated post-process so that annual electricity (Ey) is limited to the community’s annual demand and does not include overproduction. The bracketed portion of LCOE is the uniform capital recovery factor, applicable when annual electricity is constant over the lifetime of the system.



Economic results are also compared considering the initial capital costs. Technical results are shown using the installed capacities for solar, wind, and batteries, as well as the fraction of total generation sold to the grid, labeled here as excess generation.




2.2. Electricity Demand


Each of the communities being simulated uses hourly electricity demand profiles from 2019, provided by the current supplier. In the interest of anonymity, not all the communities are identified by name and specific location. However, their total population and load profiles are provided in Table 1. Figure 4 shows the distribution of loads for each location by month using standard box plots and the summation shown with a line curve. The general load patterns show higher loads in the winter, except for a spike in cooling in July and August.




2.3. Climate


Typical meteorological year (TMY) climate data is generated using Meteonorm 7.3.1 with temperatures from 2000–2009 and radiation from 1991–2010 [55]. The latitudes and longitudes for the locations under study are given in Table 1 and the average monthly temperatures, total global horizontal irradiation (GHI) with snow losses removed, and average monthly wind speeds (at 10 m height) are given in Figure 5, Figure 6 and Figure 7, respectively.



The WUP has particularly high annual snowfall, causing a meaningful reduction in annual PV generation [56,57,58]. The accumulation and shedding of snow is a complex process that is difficult to model on an hourly basis with common weather station data [56,58]. With detailed experimental data from a study in the WUP [57], a simplified approach is used here where snowfall is assumed to cause a fixed percentage of losses for an entire day, which are selected randomly during a month. The resulting losses for 30° and 45° tilts have comparable daily loss patterns to empirical measurements and total seasonal and annual losses from unobstructed modules [57]. Given that the measurements by [57] were made from an area of the WUP with relatively high snowfall as compared to the communities studied here, these losses are considered conservative. A 60° test is not included in [57]; however, measurements by [58] show snow losses at 60° to be approximately half those at 40°, and therefore a similar pattern from 45° to 60° is applied here. The seasonal and annual losses for each location and tilt angle are given in Table 2, and the monthly GHI for the 45° tilt with snow losses removed is given in Figure 7. In addition, monthly GHI distributions and totals of each case with their corresponding snow losses at a 30 tilt are provided in Figure A1 in the Appendix A.



Wind speeds are highly localized due to terrain and nearby objects (i.e., forests or buildings), which leads wind farm developers to use short-term, site-located measurements in early planning stages. This approach is cost prohibitive in feasibility studies and a known limitation [59]. Therefore, studies rely on measured wind speeds from nearby meteorological stations [60,61] or, more commonly, synthetic time series data based on long-term historic measurements and local site conditions [62,63,64,65].



Meteonorm generates synthetic data by leveraging nearby weather stations for wind speed distributions and applying these to a stochastic model in combination with the user-specified terrain (all locations in this study are “open” terrains). The sites are not specifically proposed for wind farms but are indicative of the potential for wind power in the region. As a check on the feasibility of results, wind turbine capacity factors are compared to the Heritage Garden wind farm—the first large wind facility located in the WUP [66]. Table A1 in the Appendix A.1.2. provides corresponding power output to each wind speed. Figure A2 in Appendix A.2.2 shows the monthly wind speed distributions for each case study. Monthly air temperature distributions for each case study can be found in Figure A3 in Appendix A.2.3.




2.4. Solar Photovoltaics


The PV modules are modeled with specifications from SunPower’s E20-327 [67], which has a standard test conditions efficiency of 20.4%. To simplify the simulations and reduce configuration counts, the PV is modeled on the AC bus under the assumption that any community scale system will have a co-located inverter. The inverter is not explicitly modeled, but rather the total system efficiency (excluding snow losses discussed above) is assumed at 85%, which is comparable to modern installations [68,69].



The modules are assumed to be ground mounted with a fixed orientation, positioned at 30°, 45°, and 60° tilt angles and an azimuth of 0° (i.e., due south). Losses due to temperature are included using a nominal operating cell temperature of 45 °C and −0.35%/°C loss coefficient [70]. Since single-year simulations are used, no degradation rate is applied. Further, the selected PV module used in our model is tested to be free from potential-induced degradation [67]. Thus, degradation is taken to be 0% and not included in the simulations.



Given the target solution is a community scale, ground mounted PV system, it can be assumed that there are small changes in economies of a scale relative to other uncertainties, and a single specific capital cost figure is applied. The baseline installed cost is $2000/kWp, which is typical for medium sized commercial/community scale systems [71,72,73,74] and is tested down to $1200/kWp in the sensitivity analysis. The lower cost is already common in utility scale systems (i.e., 100 MWp or larger) and indicative of potential developments in the near-to-mid-term for community scale systems. The low-end cost can be reached in a number of ways, including continued hard or soft cost declines and/or continuation of the federal investment subsidy.



Long-term system monitoring suggests PV module lifetimes of 30 or more years are possible [75,76], so in conjunction with previous studies [71,77,78,79] and the majority of project developers [80], a 30-year lifetime is used here. Annual operation and maintenance costs are assumed at $13/kWp/year and includes inspection, insurance, land, and one inverter replacement [80,81].




2.5. Wind Turbines


Enercon wind turbine, E-82 E2 of 2 MW capacity, and a hub height of 85 m is selected [82]. A high capital cost of $1.5/Wac is used based on NREL reports for onshore turbines [83]. Due to falling costs of the renewable energy technologies, a five-step cost drop is modelled, giving the lowest assumed cost to $0.9/Wac. However, the lower range is taken as an optimistic capital cost achievable in the immediate implementation scenario.



For O&M, an upper-cost range of $36/kW/year is used in line with [71]. Generally, 20–25 years are used as the wind turbine lifetime [84,85]. Recent research on a lifetime extension of up to 15 years has been reported as feasible and within the safety margin [86]. This assumes a wind turbine lifetime of 35 years to be possible with development in wind research, so a 30-year lifetime is used here.




2.6. Battery Storage


Battery plants are modeled using HOMER’s idealized battery model and technical specifications from Tesla’s Powerpack [75]. The base unit is 232 kWh and 56 kW to provide a 4-h duration. HOMER only allows batteries to be connected to a DC bus; the diagrams in Figure 2 show they are the only DC component. Therefore, the converter is considered exclusive to the battery system. Tesla lists an 89.5% AC round trip efficiency, which is applied at the battery in DC and a 100% conversion efficiency applied to the converter [87]. The capital and replacement costs for the converter are included with the cost of the batteries. Tesla does not publish battery lifetimes; however, 1000–2000 cycles are typical for lithium-ion batteries [88]. A conservative 1000 cycles are used here (232 MWh) with a float life assumed at 15 years if the cycle lifetime is not met [88].



Capital costs for lithium-ion cells and plants are falling rapidly [89,90] and vary widely depending on type, location and system configuration. For example, longer duration plants (i.e., 4 h vs. 0.5 h) have lower specific storage capacity costs ($/kWh) due to savings on power conversion equipment [91]. High and low battery cost developments are tested using a linked sensitivity, with capital costs taken from 2020 and replacement costs from 2035, based on modeled cost projections from [92], and shown in Table 3. These projections capture the range of estimated cost developments from 25 previous publications, which demonstrate the considerable uncertainty around battery development [92].




2.7. Existing Hydropower


There are 27 existing hydropower facilities in Upper Michigan, consisting of both traditional reservoir and run-of-river types, and a total rated capacity of 212 MW [66]. No new hydropower is proposed in this study; however, the existing capacity is assumed to be available in a future 100% RE system and is distributed equally among the approximately 300,000 UP residents. Therefore, the hydro resources available for the purposes of modeling to each community are directly proportional to their population. In the occurrence of hydro absence, it is expected that the wind and battery storage capacity will need to shoulder demand. However, this is a rare case, as the hydro resource is well harnessed for power generation by utilities serving customers in this region, which is largely surrounded by water bodies.



14 of the 27 plants are located on the Michigan/Wisconsin border and owned by utilities not primarily serving the UP. To avoid system boundary conflicts with resource allocation, only facilities that are located wholly inside Upper Michigan’s borders are included, which results in a total capacity of 123 MW. Annual generation from these facilities ranges between 421 and 664 GWh/yr, corresponding to capacity factors of 38.9 and 61.4%, respectively [66]. It is beyond the scope of this study to model inter-year variability in renewable supply; therefore, a conservative 40% capacity factor is used, resulting in 431 GWh/yr available for all UP residents.



Due to a lack of access to inflow/outflow rates and reservoir sizes, hydropower as a resource is not modeled directly in HOMER, meaning the potential for capacity integration with non-dispatched renewables is missing in the results. Instead, hydro is modeled as a grid connection with limits on capacity and energy supply over the year. This allows HOMER to control the amount of hydropower used without exceeding the limits of generation. The peak capacity (kW) and annual hydro allocation (GWh/yr) for each community are listed in Table 4. The allocation is limited by setting the minimum renewable fraction, also shown in Table 4, which is the inverse of hydro supply since the grid is always considered to be 0% renewable in HOMER.



Based on a recent UPPCO integrated resource plan (IRP), the rate for the utility’s hydro facility is $24.514/MWh [93]. Thus, a rate of $0.0245/kWh is applied in HOMER as the grid purchase price representing available hydro.




2.8. Grid Connection


When purchasing electricity, the grid connection is limited to only representing hydropower resources within the UP; however, the grid also provides an opportunity to sell excess renewable electricity generation. Like other economic sensitivities, the price at which a community could sell excess power is highly uncertain, particularly in this study where the proposed systems have no local precedent. The latest MPSC approved prices for on- and off-peak sales of parallel generation for UPPCO’s Primary industrial customers are 0.0349 and 0.0278 $/kWh, respectively [94]. As a conservative assumption, only the off-peak price is applied here.



It is also important to include the cost of grid access to deliver hydropower; however, it is outside the scope of this study to consider all possible regulatory or market negotiation positions for a community energy system. Therefore, large industrial customers are used as a price source given that the peak loads and annual demands of the communities are comparable to many of the heavy industrial customers in the region (e.g., paper mills, mining, manufacturing).



Capacity pricing for UPPCO’s industrial customers is based on the peak demand for a given month and is separated into on- and off-peak periods [95]. The on-peak price is $6.30/kWp/mo and off-peak set to $3.07/kWp/mo, where the on-peak is considered to be 7:00–23:00. Finally, an annual fixed charge of $3900 is also applied, consistent with the current industrial pricing scheme [95].



This pricing approach is relatively simple and may not consider the complete cost of operating the regional transmission and distribution grid; however, it is assumed to be adequate for a feasibility study. A more detailed analysis would require a higher-level study of existing stakeholders, resources, and market structure, which is outside the scope of this work.




2.9. Energy Efficiency


Energy efficiency (EE) is an important factor in the discourse of 100% renewable electricity transitions. In achieving 100% renewable electricity, such as with the case in Burlington, Vermont [7], the role of EE is evident. Assumptions in a previous study on the reliability and feasibility of 100% RE study in other communities in Michigan have included EE [96], which negates/neutralizes the impact of future demand rise.



To account for potential energy efficiency and conservation, load reductions of 1.75% and 10% from the current demand are tested. In HOMER, this is applied as a load reduction at the corresponding percentage at each time step. The reason for this consideration is that EE is one of the requirements by MPSC for regulated utilities’ IRP on energy waste reduction (EWR), which is a medium plan to reduce existing waste both from generation and consumption by a certain percent [11]. The EWR is a program targeted at energy demand side management, in which utilities are deployed to reduce energy demand. For instance, MPSC requested UPPCO to have an EWR of 1.75% by 2021 [11]. Also, the MPSC in the statewide energy assessment (SEA) report targets 10% EWR to meet 35% clean energy by the year 2025 [21]. This shows how important EE is both for the utility and customers.




2.10. System Level Parameters


Load following (LF) dispatch strategy is applied for each system to optimize RE (PV and wind) production to meet demand in the day and charge battery storage for serving night load. Although LF is not fundamentally needed in the case of 100% RE, HOMER requires a control strategy as a prerequisite to run simulations.



The cost of capital is highly uncertain; therefore, a range of real discount rates (i.e., not including inflation) is tested. The baseline real discount rate is 2% and the highest is 8%, consistent with typical market rates before the global pandemic of COVID-19 [97]. In previous research on technical modelling for small and medium enterprises in the UP, a rate of 2.66% was used [46]. A summary of the tested sensitivity parameters and their ranges is given in Table 5.



Multi-year simulations, while available in HOMER, are not possible to combine with the optimization tool. Each community has 2700 sensitivity analyses to optimize, meaning manually sized capacities are impractical. The only boundary condition affected by this limitation here is PV degradation. With capacities found using HOMER’s optimization, a test of the impact multi-year simulations found that PV capacity would increase by 10 to 15%, increasing total cost by 1.5 to 2%. This is an acceptable error considering the range of economic uncertainty captured by the tested sensitivities and shown in the results.





3. Results


A community energy project on this scale would realistically not be developed until 2025 at the earliest; however, the base case economic scenario is defined with plausible values for the 2020 market, including a 2% real discount rate, 45° PV tilt angle, PV cost of $1800/kW, wind cost of $1350/kW, and medium battery cost of $330/kWh. This makes the base case reasonably conservative, with future cost reduction potential described by the sensitivity analysis.



3.1. Baseline Results


The baseline results are given in Table 6, including the cost-optimized PV, wind, and battery capacities, initial capital, and LCOE for each community. Due to the relatively nascent grid-scale battery industry and associated uncertainty in pricing, all three battery costs are shown as baseline results.



For the mid-cost battery results, the LCOE for L’Anse, Negaunee and the Anonymous municipality are 0.1813, 0.1516, and 0.2096 $/kWh, respectively. The prevailing residential grid price in the region is $0.2350/kWh; therefore, these LCOE values represent a 23%, 35%, and 14% price reduction for L’Anse, Negaunee and Anonymous, respectively. As compared to the prevailing commercial rate of $0.1290/kWh, these prices are 40%, 18%, and 62% higher.



Demand is met primarily with wind generation, which has both higher installed capacities, as well as higher capacity factors that range from 28 to 31%, as compared to 12% to 13% for PV. For L’Anse and Negaunee, approximately 50% and 40%, respectively, of the total generation is excess sold to the grid across the baseline. Excess occurs throughout the year but is greatest during the spring and fall seasons. Only in the Anonymous community does the cost of batteries have a notable impact on capacities, where higher costs lead to fewer batteries and more renewable generation. There is also a shift away from PV and towards wind, with higher battery costs due to the lower LCOE for wind power. This has an impact on excess generation, which increases from 41 to 46% and 62% for the low, mid, and high battery costs, respectively.



Focusing on L’Anse, the LCOE with low battery cost is $0.1582/kWh for 1.7 MW of installed PV, four wind turbines totaling 8 MW of installed capacity, and 70 MWh of Li-ion battery storage. This indicates that a 100% RE system could reduce energy costs by up to 33% for residential customers, as compared to the current grid rate. Moving from the low to mid to high battery costs, there is a 14% increase in LCOE, meaning the savings to residential rates are 33%, 23%, and 13% for low, mid, and high battery costs, respectively. For commercial customers, the lowest rate is still 23% higher than today, suggesting that if this system were implemented as is, rate design between customer groups would be a critical factor.



In Negaunee, the lowest cost solution has $0.1348/kWh for approximately 4.8 MW of PV, 10 MW, and 94 MWh of batteries. This is 43% less than the prevailing residential rate, and only 4% higher than the commercial rate, suggesting that a rate design that saved all customers money would be feasible. Moving from the low- to high-cost battery systems provides residential energy cost savings of 43%, 35%, and 29%, respectively. The results also indicate that 100% renewable electricity is more economically viable in Negaunee than in the other two cases. It should be noted, however, that Negaunee benefited from having a wind capacity that better fit the load profile, so there was less overproduction. This is largely a function of large wind turbines. If future work used a generic, 1 kW wind turbine so that HOMER could much more precisely select the amount of wind to apply, the overproduction for each community would be closer and the LCOEs would likely be closer as well.



The third case, Anonymous, has the highest LCOE among the three municipalities, being $0.1879/kWh for 34.9 MW of PV, 38 MW wind turbine capacity, and 528 MWh of battery at low battery costs. The highest LCOE is $0.2195/kWh, a 17% increase over the low cost. In comparison to the prevailing residential rates from the grid, 100% renewable electricity could provide a 9% to 20% cost savings depending on battery costs.




3.2. PV Tilt Angle


At the UP’s latitude, optimal PV production occurs at approximately 40° [98], as the latitude is around 46° for the western UP. However, system optimization considering snow increases the tilt angle. In Table 7, it can be seen that increasing tilt angles to 45° and even 60° can actually reduce LCOEs. In both Negaunee and Anonymous, LCOE is reduced by 13% moving from a 30° to 60° tilt, equivalent to $0.0219/kWh in Negaunee and $0.0288/kWh in Anonymous. This is largely due to the reduction in initial capital costs, which are reduced by 10% in Negaunee and 12% in Anonymous when comparing 30° to 60°, and the critical hours for supply occurring in winter when snow losses play a large role. Increasing the tilt angle allows for snow to clear more quickly, reducing the need for batteries and thereby reducing LCOE.



L’Anse does not follow the same trends, however, with LCOE staying largely constant, battery capacities and capital costs increasing with tilt angle, and a solution without PV at 60° tilt. This could be due to coincidental effects of snow losses and wind speeds, and so further investigation into worst-case scenarios is needed. The increased tilt angles do not always lead to less generation, as shown by the percentage of generation sold as excess to the grid. The relatively high cost of batteries is more critical to cost savings than excess sales from low-cost wind and solar.




3.3. Sensitivity Analysis


The effects of energy efficiency, real discount rate, and equipment costs on LCOE are presented in this section. Each community is shown on its own figure, with L’Anse, Negaunee, and Anonymous corresponding to Figure 8, Figure 9 and Figure 10, respectively.



The results are clustered primarily by discount rate on the x-axis. Within each discount rate are clusters representing three equipment cost scenarios, Low, Mid, and High. The low scenario corresponds to PV, wind, and battery costs of $1200/kW, $900/kW, and $297/kWh, respectively. The corresponding medium scenario is $1600/kW, $1200/kW, and $330/kWh, and the high scenario is defined as $2000/kW, $1500/kW, and $359/kWh. The clusters within each equipment cost scenario are for the load reductions, where business as usual (BAU) represents the existing loads, with 1.75% and 10% representing the associated reductions in annual demand. All results are shown for design scenarios with a PV tilt angle of 45°.



In L’Anse and Negaunee, LCOE is relatively insensitive to load reduction within the same discount rate and equipment cost scenarios but can still be up to a 10% reduction. In absolute terms, the difference is less than $0.01/kWh and at most $0.02/kWh. The patterns are more dramatic for the Anonymous community, where the 1.75% reduction can cause up to a 12%, or $0.05/kWh, increase in LCOE. This is in large part due to wind-only portfolios being selected in these cases, leading to high excess generation. Again, it is likely that more consistent trends would be present with smaller wind turbine capacities.



Within a single discount rate, however, the trend is different for load reduction scenario. The general trend shows that up to a 2-cent drop in the LCOE can be achieved, moving from BAU to 10% in both L’Anse and Negaunee. In the Anonymous municipality case, up to a 6-cent drop can be observed. This is especially so for higher discount rates from 4% to 8%.



Moving from the low to high equipment cost scenarios, LCOE is generally increased by 17 to 20% at each step for a given load profile. The trend is less consistent in the Anonymous community, as noted above. A similar increase in relative LCOE is found moving up from the 2% discount rate, which can lead to much higher costs at the 8% rate. For instance, in the L’Anse BAU load with low component cost, corresponding LCOE increased by 71.4%. A similar increment is observed for both load reduction scenarios and component cost sensitivities in the other two municipalities.



These results highlight the criticality of both equipment and financing costs, given that approximately half of the sensitivities across all municipalities are below the prevailing residential rate (Res. Rate). The low-cost scenarios can be considered plausible within the next 5–7 years, which would be a reasonable development period for such projects started in 2020. If these prices were secured and financing rates remained as low as today, these municipalities could even approach the prevailing commercial rates (Com. Rate) for the region, and in the case of Negaunee actually fall below the commercial rate in the low-cost scenario. This is particularly notable given that these LCOEs are less than the $0.12/kWh average national residential price for electricity, shown in Figure 1.





4. Discussion


As the research examines scenarios that exist outside of the current regulatory framework, policies to facilitate transition to 100% renewably sourced electricity are investigated to inform statewide energy policy with specific recommendations. Conditions for technical feasibility and policy implications for achieving this 100% RE are discussed in this section.



4.1. Feasibility and Economic Justification of 100% RE Transition


The different scenarios and sensitivity considered in this research show routes that each municipality can take to achieve the 100% RE for electricity generation. Overall, it is clear that northern rural areas can move to RE systems at costs less than the residential electricity rates already in 2020. The sensitivities show that LCOEs lower than commercial rates are plausible within the next 5 years, given the ongoing cost reductions in renewable generation and battery storage, which would make 100% RE an easier choice for rural UP communities. A risk to these results is the cost of financing, which has been relatively low for the past decade and is highly beneficial to renewable investments [99].



Most system solutions resulted in 40–60% of the generation not being used within the communities, highlighting the opportunities for longer-term storage, such as pumped hydro or hydrogen, and the electrification of transport [100,101]. For instance, there is an increasing interest in pumped hydro storage from abandoned mines, which are common in the UP [102,103]. Electric vehicle (EV) technology, sales, and charging stations are growing rapidly, with the expectation that EVs will have a 30% market share in 2030 [104]. Replacing gas boilers with heat pumps can also increase renewable utilization, particularly in a cold climate where heat is the largest energy demand in buildings [105]. Electrifying all buildings will cause a considerable increase in electricity demand and can potentially lead to higher peak loads [106]; however, the flexibility offered by hot water tanks and building mass, combined with smart controls, make load shifting and peak reductions increasingly possible [107,108,109,110].



From an economic perspective, increasing local utilization of renewable generation will help to reduce costs from the results presented here. Here, the value of excess generation is only $0.0278/kWh, whereas higher prices could be set if this energy was being delivered to EVs or heat pumps. From a climate perspective, shifting generation from regional gas and coal plants to local renewables will dramatically reduce emissions, and even much more so if transport and heating can be electrified [111,112]. Through a bottom-up approach, rural northern regions thus have the capability to lead in meeting 7.5% annual national emissions reduction and limiting global warming to 2 °C by transitioning to 100% renewable electricity. Perhaps most importantly, such rural regions can take this leading environmental position while reducing costs.



The equal distribution of hydro resources throughout the population is a core assumption for this study and works to reduce LCOEs, as compared to having no access to hydropower. However, municipalities do not currently have the capability to directly procure the UP’s hydropower, only indirectly through existing utilities. The production of an entire plant’s generation can be purchased exclusively for use by a single, large consumer, i.e., a manufacturing facility. Utilities located outside the region can also secure UP resources; for example, Detroit, Michigan based utility DTE will take ownership of a 72 MW wind farm in the UP for their customers in the Lower Peninsula [113]. Local renewable resources are not allocated to the residents, while in the current market structure they are an easily privatized, exportable product. This can be a positive economic aspect for landowners who earn rent, residents with new jobs, and communities through increased tax revenues [114,115]. However, the opportunity cost to residents who could have had lower energy prices through municipal ownership also needs to be considered as part of a holistic and not just economic development plan [116,117].



There is also a conflict between the political boundaries of states, as compared to the boundaries of utility companies and markets, and as signified by the omission of hydro facilities on the Michigan/Wisconsin border. It is certainly possible to create alternative distributions of hydro resources based on various system boundaries or market designs, which will have a significant impact on the cost of energy given hydro’s low marginal cost and dispatchable generation. Only 62% of the UP’s hydro capacity is included in the model, meaning it is possible that more generation from plants at the Wisconsin/Michigan border could serve UP customers and reduce costs. Additionally, conservative capacity factors are assumed for the hydro plants, whereas higher capacity factors will yield lower LCOE compared to results presented here.



While an attempt is made to maintain conservative yet plausible assumptions for both technical and economic boundary conditions, it should also be restated that the LCOEs found here are likely to be 1 to 2% higher in all cases due to the lack of PV degradation in the HOMER model. However, given the sensitivity results of Section 4, this uncertainty is relatively minor and does not alter the conclusions.




4.2. Policy Implications and Future Work


The renewable generation portfolios developed in this research assume that each community is capable of transitioning from a group of co-located customers of a single, regulated utility into a single prosumer (producer and consumer). It is important to note that under current Michigan regulations, WUP communities are unable to self-organize, form municipal utilities, and procure their own energy as only 2% of utility’s average in-state load on the distributed program are allowed [118]. This rule applies to only individual customers who are able to build local RE systems.



Successful transitioning of municipalities to 100% RE for electricity supply can be facilitated by state and local policies, which motivates local energy ownership and municipalization of utility [119]. Policies that have proven to be successful in the expansion of renewable electricity are combinations of renewable portfolio standard (RPS), the distributed energy system, and net-metering [120]. While these policies have or do exist in the state of Michigan, they are constrained by current distributed generation caps and other legislation favoring electric monopolies. For instance, Michigan’s current 15% RPS could be substantially increased after 2021, considering 14 other states in the U.S. have at least a 50% target [121]. Policies enabling distributed renewable energy technologies to simply compete with existing utilities will give the municipalities the ability to self-organize, promote, and locally fund the development of clean and affordable distributed energy resources for successful and profitable energy transition.



Concerning excess electricity produced by the system, policies to increase the adoption of electric vehicles and heating will help reduce energy waste and costs. Federal rebates already exist for both products; however, these programs are less effective in a region with low income where residents cannot make large investments [122,123,124]. Business models and/or market regulations that reduce the cost of energy without high upfront costs will be far more effective, as has already been demonstrated in the U.S. PV market [72,125,126]. In addition to electricity, the need for competitive and sustainable heating is already the focus of the Michigan governor’s UP-Energy Task Force [127], which is seeking alternatives to propane, and more work on the individual investment economics are needed to support specific policy initiatives.



For electric vehicles, expansive infrastructural development of charging stations is another way of using the excess generation from RE technologies. Across Michigan, EV charging sites are growing with the help of economic support from the state, including two dozen locations in Upper Michigan [128]. Stakeholders and residents will play critical roles in such decision-making processes. For instance, large commercial customers such as Walmart [129] can be a host to municipal EV charging stations through a carefully developed memorandum of understanding.



Since lower supply costs are achieved with a 10% reduction in average annual load, the municipalities should devise plans for aggressive energy efficiency programs. This might require changes in social practices among individuals and organizations, which can shape demand for energy resources and lead to a sustainable energy transition [130]. Examples include the use of energy saving devices (EnergyStar appliances, smart/programmable thermostats, LED lighting, smart power strips, high performance HVAC upgrades), home renovations (e.g., weatherization, energy efficient windows, insulation) to reduce heating demand, and the use of motion-sensor lighting. Energy efficiency is particularly important in northern regions when the RE resources are not in abundance, due to the annual long and dark winter period.



This analysis is considered a regional feasibility study for 100% RE supply; it is not an investment analysis and does not capture all the interests and motives of the diverse set of stakeholders required to construct the simulated systems. By providing a thorough sensitivity analysis, uncertainties surrounding unknown costs are captured, which can now be utilized for future stages of development in the region. To build on this work, more detailed stakeholder analysis should be done towards the realization of 100% RE supply. These studies can test specific market structures, regulations, and business models to perform relevant investment analyses for individual stakeholders.





5. Conclusions


In light of the societal goals of environmental conservation and the energy justice concern of high energy costs, this study assesses the technical and economic feasibility for 100% renewable and self-sufficient electricity supply in three municipalities representative of northern rural areas. The results show that 100% RE is technically feasible and economically competitive with prevailing residential rates under conservative assumptions. If the cost decline for wind, solar, and batteries continue as expected within the upcoming 5 to 7 years, 100% RE systems could have lower costs than the prevailing commercial rates. Utilities in these municipalities can, therefore, facilitate reduction of energy cost burdens on residents and businesses through the provision of low-cost energy services from RE resources. With that, the prohibitive principle of energy justice would be upheld.



The flexibility provided by existing hydropower is a crucial component for the reduction of battery storage capacity and cost; therefore, significant attention must be paid to the equitable distribution of existing hydro usage. Today, the majority of hydro capacity is owned by private energy utilities, leaving residents indirect access to these resources. If municipalities were able to self-organize and invest through community-based renewable energy, it could increase direct access for individual residential and commercial customers and lower costs. However, this scenario requires changes to Michigan’s utility regulations that currently prohibit defection from electric utility monopolies.



The 100% self-sufficiency model structure used here results in high levels of excess electricity, even with large battery storage capacity. The sales price applied is commensurate with current regulations; however, it is still lower than retail or wholesale market prices. If load curves could be flexibly adapted to electrify heating and transport to reduce excess sales, prices for that generation would likely increase, further improving economic conditions. Conversely, policies to encourage energy efficiency can also reduce LCOEs so long as excess generation is reduced.



The development of 100% RE can play a pivotal role in meeting the challenges of GHG emission reductions. This research has shown that such a transition is technically feasible and economically viable in rural northern regions, which can improve energy justice, but require a reexamination of current energy policies that favor monopoly utilities. Further, regarding energy justice consideration, there is need for policy design and regulatory framework that strengthens local energy resources usage by and for the utmost benefits of local communities as well as local energy ownership.



Transitioning the electricity outlook of the region to 100% RE also carries solutions to current energy crisis in the state and government’s focus to ensure that residents have clean, affordable and reliable energy. This research has shown that 100% renewable electricity can achieve such a goal for the electricity concerns in the region. Thus, the UP-Energy Task force should consider the results in this research as a matter of urgency that their work requires.



In general, scholarly misconceptions and ideologies about the unlikeliness of a rural region’s capability to transition to renewable energy requires substantial review. This is especially true when premised on constraints that include climatic situations, technical feasibility, and the economic viability of such. This research, alongside previous work, has established that rurality status is not tantamount to incapability in achieving an energy transition, such as 100% renewable electricity.



The results of this study can be leveraged for future planning by the municipalities in the region as well as by research institutions studying the RE transition in northern communities for further development of 100% RE scenarios in other contexts. The research results can also be relevant for governments, utilities, mayors, utilities, and policy and decision makers with interest in sustainable energy for solving local energy challenges. Other places across the globe with similar energy, climatic, and socioeconomic status, can also find this research useful. Further, community leadership and stakeholders will be able to use information from this research in making local decisions on feasibility of transition to renewable energy for electricity generation.







Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to appreciate the support of Brett Niemi and WPPI for providing annual load data of some of the municipalities and support from the Thompson Endowment.




Conflicts of Interest


The authors declared that there is no conflict of interest.





Appendix A


To maintain a concise and readable main paper, detailed documentation of all relevant boundary conditions as they are applied in HOMER are given here. The structure follows the tab format in HOMER for convenient repeatability. Citations are given on most inputs and all critical inputs, which are also given in the main text. Inputs without citation are required for simulation but either not relevant, insignificant, and assumed, or a function of the modeling assumptions. Full context on the modeling approach is given in the main text and specific tables/chapters are referred to in this list.



Appendix A.1. Components


Appendix A.1.1. Photovoltaics


	
SunPower E20-327 [60]




	○

	
Nominal Efficiency: 20.4%




	○

	
Nominal Operating Cell Temperature: 45 °C




	○

	
Temperature Coefficient: −0.35%/°C









	
Electrical Bus




	○

	
AC









	
Site Specific Input




	○

	
Derating Factor: 85% [68,69]









	
Cost




	○

	
Capacity: 1 kWp




	○

	
Capital: 1200–2000 $/kWp [71,72,73,74] (See Table 5)




	○

	
Replacement: N/A




	○

	
O&M: 13 $/kWp/year [80,81]




	○

	
Lifetime: 30 years [74,75]









	
Sizing




	○

	
HOMER Optimizer









	
Advanced Settings




	○

	
Inverter not explicitly modeled




	○

	
Orientation




	■

	
Ground Reflectance: 20%




	■

	
No Tracking




	■

	
Panel Slope: 30°, 45° and 60°




	■

	
Panel Azimuth: 0°










	○

	
Temperature effects are considered, parameters given with module specifications













Appendix A.1.2. Wind Turbines


	
Enercon E-82 E2 [82]




	○

	
Rated Capacity: 2 MW









	
Site Specific Input




	○

	
Lifetime: 30 years [84,85,86]




	○

	
Hub Height: 85 m




	○

	
Ambient temperature effects are considered









	
Electrical Bus




	○

	
AC









	
Costs




	○

	
Quantity: 1 turbine




	○

	
Capital: $1.8 M–$3 M per turbine [83] (See Table 5)




	○

	
Replacement: N/A




	○

	
O&M: $72 k per turbine/year [71]









	
Sizing




	○

	
HOMER Optimizer









	
Advanced Properties




	○

	
Power Curve [82]














[image: Table] 





Table A1. Wind speed and corresponding power output.






Table A1. Wind speed and corresponding power output.





	Wind Speed (m/s)
	Power Output (kW)





	1
	0



	2
	3



	3
	25



	4
	82



	5
	174



	6
	321



	7
	532



	8
	815



	9
	1180



	10
	1580



	11
	1810



	12
	2080



	13
	2050



	14
	2050



	15
	2050



	16
	2050



	17
	2050



	18
	2050



	19
	2050



	20
	2050



	21
	2050



	22
	2050



	23
	2050



	24
	2050



	25
	2050








	○

	
Turbine Losses




	■

	
Availability Losses: 0%




	■

	
Wake Effect Losses: 0%




	■

	
Turbine Performance Losses: 2%




	■

	
Electrical Losses. 2%




	■

	
Environmental Losses: 0%




	■

	
Curtailment Losses. 0%




	■

	
Other Losses. 0%










	○

	
Maintenance Table




	■

	
No maintenance schedule considered














Appendix A.1.3. Battery


	
Idealized battery model w/Tesla Powerpack [87]




	○

	
Nominal Voltage: 380 V




	○

	
Nominal Capacity: 232 kWh




	○

	
Nominal Capacity: 611 Ah




	○

	
Roundtrip Efficiency: 89.5%




	○

	
Maximum Charge Current: 152 A




	○

	
Maximum Discharge Current: 152 A









	
Cost




	○

	
Quantity: 1




	○

	
Capital: $297–$359 [92] (See Table 3)




	○

	
Replacement: $112–$291 [92] (See Table 3)




	○

	
O&M: $500/unit/yr [92]









	
Lifetime




	○

	
Years: 15 [88]




	○

	
Throughput: 232,000 kWh [88]









	
Site Specific Input




	○

	
String Size: 1




	○

	
Initial State of Charge: 100%




	○

	
Minimum State of Charge: 0%




	○

	
No minimum storage life




	○

	
No maintenance schedule considered









	
Sizing




	○

	
HOMER Optimizer













Appendix A.1.4. Converter


The converter is an integral part of the battery and drive the input parameters, see Section 2.10.



	
Generic large, free converter (from HOMER catalog)



	
Costs




	○

	
Capacity: 1 kW




	○

	
Capital: $0




	○

	
Replacement: $0




	○

	
O&M: 0 $/kW/year









	
Inverter Input




	○

	
Lifetime: 15 years




	○

	
Efficiency: 100%









	
Rectifier Input




	○

	
Relative Capacity: 100%




	○

	
Efficiency: 100%









	
Capacity Optimization




	○

	
Search Space




	■

	
0 kW




	■

	
9,999,999 kW



















Appendix A.1.5. Grid Connection


The grid connection in HOMER is used to represent both hydropower and the grid, see Section 2.7 and Section 2.8



	
Modeled using Scheduled Rates



	
Parameters




	○

	
Sale Capacity: 0 kW




	○

	
Annual Purchase Capacity: 590, 1432, 3150 kW (See Table 4)




	○

	
No net metering considered




	○

	
No maximum net grid purchases considered




	○

	
Grid Extension Charges




	■

	
Grid Capital Cost: 0 $/km




	■

	
Distance: 0 km










	○

	
Distributed Generation Costs




	■

	
Interconnection Charge: $0




	■

	
Standby Charge: 3900 $/year (represents fixed annual fees) [95]















	
Rate Definition




	○

	
Buy Price: $0.0245/kWh [93] (represents existing hydropower)




	○

	
Sell Price: N/A (added post-process with prices from [94])




	○

	
Prohibit grid from charging battery




	○

	
Prohibit grid sales from battery









	
Demand Rates [95]




	○

	
On Peak




	■

	
7:00–23:00 on weekdays




	■

	
Price: 6.30 $/kW/mo










	○

	
Off Peak




	■

	
All other times of day/week




	■

	
Price: 3.07 $/kW/mo










	○

	
For both rate periods




	■

	
No system dispatch override considered















	
Reliability




	○

	
No outages considered (100% grid reliability)









	
Emissions




	○

	
Ignored for this study














Appendix A.2. Resources


All solar, wind, and air temperatures are generated using Meteonorm 7.3.1 [55] and imported into HOMER as hourly time series profiles. To compliment the column charts shown in Section 3, the figures below show the distribution of values for each location by month using standard box plots (min, 25%, median, 75%, max). Solar also includes total irradiation per month, shown with a line curve, and for brevity is limited to only the 30° tilt with snow losses. Other tilt angles have similar patterns, but with slightly higher quartiles in the winter season.



Appendix A.2.1. Solar GHI
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Figure A1. Monthly GHI distributions and totals with snow losses at a 30 tilt. 






Figure A1. Monthly GHI distributions and totals with snow losses at a 30 tilt.
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Appendix A.2.2. Wind Speed
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Figure A2. Monthly wind speed distributions for each case study. 






Figure A2. Monthly wind speed distributions for each case study.
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Parameters [55]




	○

	
Altitude above sea level: 175–444 m




	○

	
Anemometer height: 10 m









	
Variation with Height




	○

	
Wind speed profile: Logarithmic




	○

	
Surface roughness length: 0.010 m









	
Advanced Parameters not applicable due to imported time series







Appendix A.2.3. Air Temperature
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Figure A3. Monthly air temperature distributions for each case study. 






Figure A3. Monthly air temperature distributions for each case study.
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Appendix A.2.4. Project


Economics


	
Nominal Discount Rate: 2–8% [97] (See Table 5)



	
Expected Inflation Rate: 0% (Discount rates and prices are real)



	
Project Lifetime: 30 years



	
System fixed capital cost: $0



	
System fixed O&M cost: $0/year



	
Capacity shortage penalty: $0/kWh







Constraints


	
Maximum annual capacity shortage: 0%



	
Minimum renewable fraction: 75.6%, 82.1%, 85.4% (See Table 4)



	
Operating Reserve




	○

	
As a percentage of load




	■

	
Load in current time step: 0%




	■

	
Annual peak load: 0%










	○

	
As a percentage of renewable output




	■

	
Solar power output: 0%




	■

	
Wind power output: 0%



















Emissions


	
No penalties or limits considered







Optimization


	
Minutes per time step: 60



	
Maximum simulations per optimization: 10,000



	
System design precision: 0.0100



	
NPC precision: 0.0100



	
Focus factor: 50.00



	
Category winners are optimized







Multi-Year


	
No multi-year settings are enabled
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Figure 1. UPPCO’s electricity price by sector and the average U.S. price from 2005–2019. Sources: Author, based on MPSC data on comparison of average rates (in cents per kWh) for MPSC-regulated electric utilities in Michigan [9]. 
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Figure 2. A schematic of phases involved in systems design and 100% RE modeling. 
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Figure 3. A system diagram for simulations with hydro represented as the grid. 
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Figure 4. The three municipalities, (a) Negaunee, (b) L’Anse, (c) Anonymous, and their load profile with average monthly consumption. 
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Figure 5. Average monthly air temperatures at each case study location. 
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Figure 6. The monthly GHI (with 45° snow losses removed) at each simulated location. 
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Figure 7. The average monthly wind speeds at each simulated location at 100 m above ground. 
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Figure 8. The sensitivity results for Negaunee with 45° tilt angle, different discount rate, varying components costs, and varying average load with and without energy efficiency considerations. 
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Figure 9. The sensitivity results for L’Anse with 45° tilt angle, different discount rate, varying components costs, and varying average load with and without energy efficiency considerations. 
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Figure 10. The sensitivity results for Anonymous with 45° tilt angle, different discount rate, varying components costs, and varying average load with and without energy efficiency considerations. The yellow dot line indicates commercial rate. 
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Table 1. Municipalities and energy load descriptions.
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	Latitude
	Longitude
	Population
	Average Load (MW)
	Peak Load (MW)





	Negaunee
	46.4928 N
	87.6070 W
	4547
	2.54
	4.09



	L’Anse
	46.7528 N
	88.4480 W
	1872
	1.48
	2.49



	Anonymous municipality in WUP
	-
	-
	10,005
	9.72
	16.3
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Table 2. The estimated seasonal and annual snow losses for each PV tilt angle in each case study community.
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Solar PV Tilt Angle

	
30°

	
45°

	
60°






	
L’Anse

	
Seasonal

	
21.0%

	
11.7%

	
5.1%




	
Annual

	
10.0%

	
5.6%

	
2.4%




	
Negaunee

	
Seasonal

	
21.5%

	
12.0%

	
5.7%




	
Annual

	
10.1%

	
5.7%

	
2.7%




	
Anonymous

	
Seasonal

	
22.1%

	
11.6%

	
5.9%




	
Annual

	
10.6%

	
5.6%

	
2.8%
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Table 3. Turnkey lithium-ion battery cost sensitivities (in $/kWh) [92].
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	Estimate
	High
	Mid
	Low





	Capital
	359
	330
	297



	Replacement
	291
	194
	112
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Table 4. The proportions of hydropower capacity, supply, and cost for each location.
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	Peak Capacity (kW)
	Allocation (GWh/yr)
	Minimum RF





	Negaunee
	1432
	5.646
	75.6%



	L’Anse
	590
	2.325
	82.1%



	Anonymous
	3150
	12.417
	85.4%
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Table 5. A summary of sensitivity parameters.
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	Components
	Low
	High
	Increment
	Lifetime





	PV + inverter capital cost ($/kWac)
	1200
	2000
	200
	30



	Wind turbine capital cost ($/kWac)
	900
	1500
	100
	30



	Load reduction via energy efficiency (%)
	1.75
	10
	n/a (assumed aggressive EE)
	-



	PV tilt angle (degrees)
	30
	60
	15
	-



	Real discount rate (%)
	2
	8
	2
	-
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Table 6. Optimum solutions for each battery cost in the economic base case.
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L’Anse

	

	
Low

	
Mid

	
High




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
1.7

	
8

	
70

	
2

	
8

	
70

	
2.2

	
8

	
69




	
LCOE ($/kWh)

	
0.1582

	
0.1813

	
0.2049




	
Capital (M$)

	
34.2

	
37.5

	
39.6




	
Excess (%)

	
49.5

	
50

	
50.5




	
Negaunee

	

	
Low

	
Mid

	
High




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
4.8

	
10

	
94

	
5

	
10

	
93

	
6

	
10

	
89




	
LCOE ($/kWh)

	
0.1348

	
0.1516

	
0.1673




	
Capital (M$)

	
50.2

	
53.4

	
56.3




	
Excess (%)

	
38.5

	
38.9

	
40.4




	
Anonymous

	

	
Low

	
Mid

	
High




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
34.9

	
38

	
528

	
33

	
44

	
510

	
26.8

	
76

	
439




	
LCOE ($/kWh)

	
0.1879

	
0.2096

	
0.2195




	
Capital (M$)

	
271

	
287

	
308




	
Excess (%)

	
41.3

	
45.8

	
62.3
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Table 7. LCOE, capacities, and excess generation for each community and PV tilt angle.
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L’Anse

	

	
30° Tilt

	
45° Tilt

	
60° Tilt




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
0.86

	
10

	
68.7

	
1.98

	
8

	
70.1

	
0

	
12

	
71.2




	
LCOE ($/kWh)

	
0.177

	
0.1813

	
0.1808




	
Capital (M$)

	
37.7

	
37.5

	
39.7




	
Excess (%)

	
56.5

	
50

	
62




	
Negaunee

	

	
30° Tilt

	
45° Tilt

	
60° Tilt




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
3.38

	
12

	
108.5

	
5.95

	
10

	
93.5

	
7.77

	
10

	
79.3




	
LCOE ($/kWh)

	
0.1649

	
0.1516

	
0.143




	
Capital (M$)

	
58.1

	
53.4

	
52.5




	
Excess (%)

	
43.5

	
38.9

	
41.9




	
Anonymous

	

	
30° Tilt

	
45° Tilt

	
60° Tilt




	

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)

	
PV (MW)

	
Wind (MW)

	
Batt (MWh)




	
Capacity

	
26.6

	
52

	
539.4

	
33

	
44

	
510.4

	
43.8

	
32

	
416.2




	
LCOE ($/kWh)

	
0.2166

	
0.2096

	
0.1878




	
Capital (M$)

	
296.1

	
287.1

	
259.3




	
Excess (%)

	
48.8

	
45.8

	
39.4
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