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Table 5. Most cited objectives of past tariff proposals
	Objective
	Research
	Methodology and findings

	Utility profit maximisation
 
 
 
	[71]

	Urieli and Stone
(2016)

	Built an algorithm based on gradient-descent to formulate TOU tariffs that maximise the utility’s profit in competitive market settings.

	
	[39]


	Celebi and Fuller 
(2012)
	Formulated a multi-agent model of an independent system operator, utilities, and users and used variational inequality to determine TOU tariffs that minimise the costs of utilities and operators under different market structures.

	
	[72]

	Yang et al 
(2013)
	Built a model that determines the best strategy to increase profit for utilities, while considering the behavioural changes of users due to the comfort cost induced by pricing change.

	
	[21]

	Asadinejad and Tomsovic
(2017)
	Developed a novel optimisation to adjust TOU prices to reduce utilities' costs and limit price volatility.

	Peak load reduction
 
	[36]

	Ferreira et al 
(2013)
	Recorded the TOU design procedure used in Brazil to achieve the aim of reducing peak load.

	
	[73]

	Manoochehri and Fereidunian 
(2016)
	Used a genetic algorithm to determine TOU pricings that could minimise the system daily load peak under single or multi-party entities.

	
Cost reflectivity enhancement
	[74]


	Jargstorf and Belmans 
(2015)
	Built an optimisation model to achieve cost-reflectivity of TOU pricing along with two other objectives of energy conservation and bill predictability.

	
	[75]

	Flath 
(2013)
	Used a mixed-integer programme to determine both price levels and price intervals of TOU that minimise the deviation between procurement costs and retail prices.
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Supplementary Information 2:
Table 6. Literature on smart user identification
	Responsiveness Indicator
	Publications
	Methodology

	Thermal sensitivity
	[46]
	Kwac and Rajagopal 
(2016)
	Thermal sensitivity is assumed to be the energy reduction potential. A break point model was used to estimate the reduction response based on the customer's thermal sensitivity, i.e., the energy consumption increments due to temperature change.

	
	[47]
	Kwac et al 
(2017)
	Improved Kwac and Rajagopal (2016) by including a compliance factor under voluntary programme. Thermal sensitivity again is assumed to be the energy reduction potential.

	
	[48]
	Jazaeri et al 
(2019)
	Another improvement on Kwac and Rajagopal (2016).  Built a break point model by taking into account effects such as the day of the week 

	
	[49]
	Shirsat and Tang 
(2019)
	As with Kwac and Rajagopal (2016), thermal sensitivity is assumed to be the energy reduction potential. An MD-RNN model was then trained to predict thermal sensitivity based on user consumption, temperature, and time stamp. The output thermal sensitivity is obtained following Kwac et al. (2017). 

	Variability
	[76]

	Zhou et al
(2016)


	The authors concluded that customers who demonstrate highly variable consumption patterns have a high probability of reducing their consumption as opposed to those who have a regular consumption pattern. The study used machine learning methods for the prediction of residential energy consumption along with non-parametric hypothesis test to estimate customers' reduction during DR hours. 

	Profile feature
	[77]
	Scheer et al
(2017)
	Used five features to select responsive users: 1. Strong correlation of consumption with temperature. 2. High ratio between summer and shoulder usage. 3. High total summer usage. 4. Strong ramp in daily profile 5. High max to min ratio.

	
	[78]
	Zhou et al
(2018)
	To aid consumer targeting, the authors developed a non-experimental framework that allows for an estimation of the desired treatment effect on an individual level by estimating user-level counterfactuals using timeseries prediction.

	Others
 
	[79]
	Afzalan et al 
(2019)
	Developed a metric to capture the predictability of usage in a future DR event by sorting users according to their flexible loads, including electric vehicles, wet appliances (dryers, washing machines, dishwashers), and air conditioning

	
	[80]
	Mallick et al 
(2018)
	Selected responsive users by detecting the presence of HVAC devices in households.

	
	[81]
	Vallés et al 
(2018)
	A 3-step selection framework was established: Step 1. Used quantile regression to relate the electricity responsiveness to variables such as the strengths of incentive, duration of signal, time of the day, ambient temperature, etc. Step 2. Clustered users on the coefficients of these variables. Step 3. Used decision tree to relate socio-economic/ historical consumption to clusters for out-of-sample users.





Supplementary Information 3: Non-occupancy Detection Algorithm
[bookmark: _Hlk100073325]We propose an algorithm for non-occupancy detection following Chen et al. [59] and Williams and Gask [60], with the following two assumptions:
1) Users during the early hours of the day (02:00 to 05:00) are either away or sleeping.
2) If a residence is occupied, the consumption level and variance during the daytime will be larger than that during the night time.

Based on the two assumptions, two criteria are established:
1) Average energy use during the peak hours is greater than the average energy use during inactive hours over a given period.
2) Energy use variance during peak hours is greater than 1.5 average energy use variance during inactive hours over a given period[footnoteRef:2]. [2:  This 1.5  criterion is established by trial and error. This follows the work of [60], which tried to give a fixed variance level by observing the accuracy of occupancy detection.] 


We applied the algorithm to all households in the Irish dataset and identified the period when residences are unoccupied. 


Supplementary Information 4:  Constraints of TOU Proposal 

Consider the tariff proposal of a three-tier TOU. The constraints for the three-tier TOU proposal are as follows:
1) The peak price is higher than the flat rate in order to incentivize behavioural change (Equation (5)). 
2) The off-peak price is lower than the flat rate to encourage consumption shifting and to compensate users for the high peak price (Equation (6)). 
3) The shoulder price is bounded by the peak and off-peak prices (Equation (7)). 
4) Prices are limited to a range (Equation (7)) to avoid extreme volatility.  We limit the range to be a minimum of a third of the flat rate (Equation (8)) and a maximum of three times the flat rate (Equation (9)). The range leaves sufficient room for price differentials to create incentives for behaviour change [82]. 
5) The minimum price unit is limited to 1 €cent for convenience (Equation (10)), where k is an element of the set Z of the whole set of integers.  
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The two-tier TOU can be viewed as a three-tier TOU when the shoulder price equals the off-peak price.


Supplementary Information 5:
Table 7. Demographic variables deployed for smart user identification
	Demographics
	Definition

	Occupants under 15 
	Number of occupants in the household under the age of 15.

	Education 
	Education of dominant household wage earner, with 1- No formal education; 2- Primary; 3- Secondary to intermediate Cert Junior Cert level; 4- Secondary to Leaving Cert level; 5- Tertiary level.

	Income
	Household income, with 1- Low-income (Under 30,000 Euro/year); 2- High-income (Above 30,000 Euro/year).

	Age 
	Age of the respondent, 1- (18-25); 2- (26-35); 3- (36-45); 4- (46-55); 5- (56-65); 6- 65+.

	Employment status 
	Employment status of dominant household wage earner, with 1- An employee; 2- Self-employed with employees; 3- Self-employed with no employees; 4- Unemployed (actively seeking work); 5- Unemployed (not actively seeking work); 6- Retired; 7- Carer (providing care to a family member/ members).

	Social class 
	Social class of dominant household wage earner, with 1- AB; 2-C1; 3-C2; 4-DE; 5-Farmers. The grades of A, B, C1, C2, D and E are defined per National Readership Survey Social Grade. [footnoteRef:3] [3:  Detailed definition of each social class can be found at the National Readership Survey Social Grade website (http://www.nrs.co.uk/nrs-print/lifestyle-and-classification-data/social-grade/)] 





Supplementary Information 6:  Mathematical Formulation of Fairness Implications

Constraint 1: Utilities are restricted from earning additional profits under TOU to avoid the perception that utilities unfairly gain from different pricing.  
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where:
 is the demand for household i at time t under the flat rate
 is the demand for household i at time t under the TOU tariff
 is the flat rate
 is the price under the TOU tariff for household i at time t
C is the cost function for producing and delivering electricity, which includes the wholesale market cost, the transmission cost and the distribution cost 
 is the profit control parameter (, controlling the maximum amount of total cost reduction allowed to be transferred as the profit for the utilities. The revenue loss is matched by the cost reduction when , meaning the revenue loss is matched by the cost reduction 
The profit control parameter  is assumed to be close to 0, indicating full cost recovery but little extra profit for the utility company. In practice, we set the profit control parameter  to 0.02 to accommodate the discrete nature of tariff change (the unit of change of rate is one Euro cent).

Constraint 2: A large majority of users should be better off in both the low-income and high-income user groups after the transition. Here we deal exclusively with the high-income user group and leave the low-income users to Constraint 3. This is because for low-income users any tariff proposal that fulfils Constraint 3 automatically fulfils Constraint 2.  
a) On average, the high-income users pay lower bills after transitioning to the new tariff.
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b) A majority of the high-income households pay lower bills after transitioning to the new tariff.
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where:
 is the dummy variable indicating whether the households are low-income, 1 representing the low-income users and 0 representing the high-income users.

Constraint 3: No low-income households should have higher costs after transitioning to the new tariff.
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Constraint 4: Cost savings by the low-income households are no less than that of the high-income households.
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