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Overview

A time-step battery degradation model was implemented to determine the required storage capacity in a hypothetical hybrid off-grid microgrid using three different battery chemistries: lead acid, high energy density lithium-ion batteries, and  high power density lithium ion batteries. The model included specific degradation models for each chemistry, and considered multiple operating parameters, including depth of battery cycling and number of replacements over a 20-year time period. The results of this optimization model were used to perform a systems-level lifetime cost of use calculation. While the results show that diesel-only generation is still less expensive than hybrid microgrids, we found that slight variations in cost assumptions could reverse this finding. The discount rate applied when calculating the levelized cost of electricity is extremely influential when determining which battery technology is the most cost-effective of the three considered. For low (<4%) discount rates, lead acid batteries are the least expensive, while at higher rates the high energy density batteries were the most cost effective storage option. High power density lithium-ion batteries were never the most cost effective option in any of the scenarios considered. The discount rate also strongly influences the market forces (including fuel and battery price changes) or policies (feed-in tariffs, carbon taxes) required to trigger a switch to a hybrid system. 
Methods

Linear optimization model minimizing diesel consumption, with time step variation in storage capacity based on unique models of battery degradation (summarized in Table 1) [1], [2]. A number of scenarios were constructed to serve as bounding cases, with different variables including battery operational lifetime, maximum allowable SOC swing, and maximum percentage of electricity from the diesel generator (values specified in Table 2). Systems-level levelized cost of electricity calculations with sensitivity analyses on discount rate were conducted, with prices sourced from both suppliers and literature [3]-[6]. Breakeven analyses were used to determine differnet market forces and policy incentives to induce a rank order switch between technologies. 
Table 1. Battery Degradation Model Descriptions

	Battery Chemistry
	Sensitivtiy to SOC Swing
	Mathematical Relationship between SOC swing and cycle life

	Lead Acid
	High
	Power

	High power density li-ion
	Low
	Linear

	High energy density li-ion
	Medium
	Power


         Table 2. System Operating Conditions

	Parameter
	Values

	Battery Operational Lifetime (years)
	1, 2, 5, 10, 20

	Maximum allowable SOC swing
	30%, 40%, 50%, 60%, 70% 80%, 90%

	Maximum electricity from diesel generator
	5%, 15%, 25%

	Storage Retirement
	80% of initial energy capacity


Results

Storage capacity requirements show two distinct trends depending on the specific chemistry characteristics and the length of time the batteries are operated for. For short operational time frames, storage capacity decreases as the maximum allowed SOC swing increases. As the batteries are operated for longer periods of time, additional storage capacity is required to overcome the degradation, reducing the average daily SOC swing to a percentage below the maximum allowed SOC swing. 
The levelized cost of electricity for each combination of battery chemistry, depth of cycling, and number of replacements was determined and compared to determine the lowest cost technology.

Breakeven analyses found the required changes in diesel and battery prices to force a rank order switch in the lowest cost technologies. Additional analyses find the size of policy interventions (feed in tariffs, carbon taxes) to incentivize a switch to battery storage options over diesel-only generation. 

Discount rate is an important factor in determining the lowest cost battery storage option (and the corresponding policy interventions), while changes to the renewable energy requirement had minimal impact. 
Conclusions

For discount rates of 1% or higher, diesel-only generation has a lower LCOE than all of the battery storage technologies considered. Comparing amongst the battery storage options, discount rate is important in determing the lowest-cost option. For low (<4%) discount rates, lead acid batteries are the lowest cost hybrid option. At higher rates, high energy density lithium-ion batteries have a lower LCOE. High power density lithium-ion batteries were the most expensive option in all of the scenarios considered. The optimal number of replacement battery packs over the 20 year period varied substantially amongst the different chemistries considered. 
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