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Overview
When it comes to several countries, electricity prices have not changed frequently and/or electricity expenditures have constituted a minor share of households’ expenditure to matter. Gulf Cooperation Council (GCC) countries are a prime example of that. Atalla and Hunt (2016) empirically find that residences in the GCC have zero or near-zero price elasticities of electricity demand in the short- and long-run. If policymakers are interested in applying an electricity price that has not been experienced in the past, then those values may be complemented with ones derived by other, more theoretical, means. This present analysis uses a hybrid physical-microeconomic model to assess higher energy efficiency investment and behavioral response. 
Higher energy prices can induce a combination of behavioral changes and investment in higher energy efficiency (Baatz, 2017). Behavioral change alone can be exercised relatively quickly, so its effect dominates a demand response in the short-run. Purchases of higher efficiency, however, require time to materialize, either due to lack of capital or the seeing the existing units through their economic lives. Taking into account energy efficiency investment along with behavioral price response would therefore be indicative of a long-run own-price elasticity. 
Methods
Matar (2018, 2019) proposes a linkage between a physical building energy model, that produces chronological power load curves, and a household whose decisions are consistent with microeconomic fundamentals. Previous analyses explored short-run demand response measures as a result of different electricity pricing schemes. They examined the behavioral demand response measures that are exercised in order to maximize a household’s (normative) utility. We extend that framework to include the purchase of energy efficiency measures.
The model calibration to housholds in Saudi Arabia and data inputs are in the full paper. In addition to applying different electricity pricing schemes and behavioral demand response, like adjusting the thermostat in the summer or the spring and fall, we assess how those different prices and different energy efficiency incentives influence efficiency adoption. The purchases are made using annualized purchase costs discounted at 30%. The model is also expanded to represent archetypes of a villa in multiple regions in Saudi Arabia. The regional dimension considers the climatic differences and income levels across the country, and therefore the differing energy efficiency needs. We acknowledge the fact households are more heterogeneous; however, we wanted to extract some general insights. Incorporating investment in energy efficiency allows us to delve into the presence of direct and indirect rebound as a result of energy efficiency subsidy. 

Three electricity pricing schemes are examined: First, the progressive pricing structure that was applied in Saudi Arabia in 2017. Second, the revised progressive structure enacted in 2018. Third, a time-of-use (TOU) price that represents an alternative pricing scenario. Different efficiency measures are also incorporated: higher air conditioner (AC) efficiency, reduced in/exfiltration into/out of the indoor zone, thermal insulation, low-e windows, and/or more-efficient lighting. 
Results
Given that our modeling approach considers the impact of investment in energy efficiency, the results presented offer a glimpse into the steady state. It is worth mentioning that the energy efficiency aid is only applicable to energy efficiency purchases. Table 1 shows the model results for aggregate electricity use by households in villas across Saudi Arabia. The corner top-left cell is the calibrated case, or the base case, with the 2017 electricity prices and no incentives applied. The table juxtaposes the effects of various electricity pricing schemes and that of energy efficiency subsidy on electricity use. 



	
	
	Incentive level
 (as a percentage of the measure’s purchase cost not covered by the household)

	
	
	None
	50%

	Electricity price scheme
	2017 pricing
	46.58
	29.74

	
	2018 pricing
	29.37
	29.74

	
	TOU pricing
	29.07
	29.67


Table 1 – Total electricity use in villas in Saudi Arabia for the electricity price and incentive cases (units in TWh)

The calibrated state takes a ‘short-run’ view, and therefore does not consider any added efficiency. Table 1 shows the model results for aggregate electricity use by households in villas across Saudi Arabia. Households in villas would use about 46.58 TWh of electricity per year in the long-run. The results indicate that households only behaviorally respond to the 2017 electricity prices by switching off lights. On top of that behavioral response choice, households in all but the southern region also moderately adjust the thermostats in the summer by 1.5 oC with 2018 pricing; the climate in the south of Saudi Arabia is less extreme. Under TOU pricing, the summer thermostat adjustments are more drastic in all but the southern region. Also, the thermostat in the peak hours during the summer is raised by an additional 0.5 oC with TOU pricing applied.

The more-efficient lighting scenario maximizes archetypical household’s utility at the optimal behavioral state compared to no added energy efficiency. Although higher AC efficiency would produce lower utility on its own, packaging it with more-efficient bulbs and reduced infiltration would yield higher satisfaction relative to doing nothing. With the alternative electricity pricing schemes, the combination of higher AC efficiency, reduced infiltration, and more-efficient lighting maximizes the utility relative to the 2017 pricing and no added energy efficiency. Raising electricity prices and practicing conservation alone yields lower consumer welfare than if coupled with efficiency purchases.  

These are preliminary results that have been obtained thus far. More quantitative results are shown in the paper.
Conclusions
[bookmark: _GoBack]There were some insights shown by the model as a result of having a physical set of equations informing the modeling of the behavioral aspects of electricity use: The possibility for energy efficiency investment lowers the need for conservation at optimal consumer welfare. Consequently, raising monetary incentives that result in less personal expenditure on energy efficiency, households lessen the extent to which they practice conservation. Also, as energy efficiency subsidies and electricity prices rise, the difference in spending on other goods and services widens between the combined efficiency case and no added efficiency; the combined efficiency case incorporates air conditioner with a base 15-BTU/(Wh) efficiency ratio, reduced infiltration, and more-efficient lighting. The resulting indirect rebound effect causes a situation where firms would increase their production to meet additional demand.
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