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ABSTRACT

Understanding the factors that drive the use of residential electricity in India is essential
for designing policies that can reduce its expected growth. This study empirically exam-
ines the magnitude and causes of variation in electricity use in a sample of Indian dwell-
ings with and without air conditioning (AC), using an interview-based survey approach
applied in 41 dwellings located across two cities representing the composite climate of
India. Statistical analysis was used to unpack the relationship between electricity use and
socio-technical factors. Despite the small sample size and having the same climatological
realm, there was a wide variation observed in electricity use by income groups and the
presence of ACs. The mean annual residential electricity consumption (REC) was observed
to be highest in high-income group dwellings (5,618 kWh/year), followed by middle-
income group dwellings (3,870 kWh/year) and lowest in low-income group dwellings
(2,169 kWh/year). The mean REC of AC dwellings (4,208 kWh/year) was found to be nearly
double that of non-AC dwellings (2,260 kWh/year) with significant seasonal variation.
Multivariate regression analysis revealed that the presence of ACs, household size (num-
ber of occupants), annual non-AC appliance hours, dwelling size (number of rooms) and
income group accounted for 80% of the variability in REC across the study sample.
Residential energy policy in India should consider these key factors that drive REC. To
be effective, such policy programmes need to be customised for different income groups,
adopting incentives as well as energy awareness campaigns to influence both purchasing
and habitual behaviours.
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1. Introduction overtaken by the increase in ownership of refrigerators

Residential electricity (energy) consumption (REC) in ~ and air conditioners (ACs) (Agrawal et al. 2020). As

India has nearly tripled in the past two decades and
accounted for 24% of the overall electricity consump-
tion in 2019 (MoSPI 2018, 2019). With programmes like
“Make in India” and “Housing for All by 2022" (by the
National Mission for Urban Housing), residential
energy demand is expected to grow further by fivefold
by 2032 (BEE 2019). Recent census in India has revealed
that there are 74 million urban residential households
(under good and liveable conditions) that have been
electrified and electricity demand in these homes
increased by 7.5% every year during 2009-2019 (MHA
2011; MoSPI 2019). Moreover, the higher GDP growth
is associated with increased purchasing power and
higher comfort expectations, leading to higher pene-
tration of household appliances with associated elec-
tricity demand.

Historically, lighting has been a major end use for
residential electricity in India, but this trend has been

reported by the International Energy Agency (IEA),
about 5.4% of electricity demand rise in 2017 was
observed due to the usage of space cooling (as tem-
perature rises) (IEA 2018). Within space cooling, ACs
consumed 40% of the energy in 2017-18, and this is
projected to rise to 50% in 2037-38 as the residential AC
stock is expected to rise from 27 million units in 2016 to
564 million units in 2037 (IEA 2019, 2020). This increase
in ownership of energy-intensive appliances and subse-
quently higher energy demand is expected due to rapid
urbanisation, increasing household incomes and climate
change (Bhattacharyya 2015; Parikh and Parikh 2016;
World Development Indicators 2019). India also ranks
first among the lower-middle income countries with an
affluent middle-class purchasing their first ACs
(Sustainable Energy for All 2020). Currently, 8% of the
Indian households have room ACs; however, this is pre-
dicted to grow sixfold in less than 20 years as stated in
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the India Cooling Action Plan (2019) which aims to
reduce cooling demand across all sectors by 20-25%
by 2037-38 (Ministry of Environment Forest & Climate
Change 2019). This will be challenging since India has
the highest exposure to increased cooling degree days
anywhere in the world (Biardeau et al. 2020).

Although the magnitude of the expected rise in
residential electricity demand in India is evident, yet
there is a paucity of empirical data on residential elec-
tricity consumption (REC) in India. A 2015 publication
identified that India had the weakest data quality for
the residential sector among the four regions - India,
China, United States and EU (Shnapp 2015). The rea-
sons for the absence of good quality data were identi-
fied as challenges in funding, technology and a general
lack of interest to gather residential energy data, which
is why public availability of empirical data has been
a long standing issue in India.

Majority of studies on residential electricity have
used National Sample Survey Organisation (NSSO)
data or India Human Development Survey (IHDS-II).
However, the five-yearly NSSO does not gather data
on seasonal variation in electricity consumption or
usage patterns of appliances. The Indian Human
Development Survey (IHDS) provides appliance own-
ership data; however, it does not collect detailed infor-
mation on AC units owned by a household. A recent
survey by Council on Energy, Environment and Water
(CEEW) called the India Residential Energy Survey
(IRES) has attempted to capture data on electricity
access, energy use patterns (including cooking), appli-
ance inventory and energy awareness of Bureau of
Energy Efficiency (BEE) star-rated equipment for rural
and urban homes, but it has not explored the drivers of
electricity use in Indian households (Agrawal et al.
2020). Overall, studies that conduct surveys for under-
standing the actors that determine REC in urban dwell-
ings are limited (Chunekar et al. 2016).

India’s BEE has extended Energy Conservation
Building Code (ECBC) guidelines to the residential sec-
tor with Eco-Niwas Samhita (BEE 2018). BEE initiated
the Standards & Labelling (S&L) programme for appli-
ances and electrical equipment, which has enhanced
the influx of low energy appliances into the market
(Dhingra et al., 2016; TERI 2008). However, implemen-
tation of such energy policies and regulations requires
empirical data for implementation (Gupta et al. 2019).
Research emphasises that the success of such policies
and programmes depend on householders’ purchas-
ing behaviours. A study by Garg et al. (2014) indicates
that several policies and market initiatives like consu-
mer awareness, and ease of accessibility to information
through appliance labelling are pertinent but require
a deeper understanding of the drivers for residential
electricity use (Chindarkar and Goyal 2019; Garg et al.
2014). Attempts to reduce residential electricity use in

India will require a detailed examination of the factors
that drive its use across different income groups and
households with and without AC.

Within this context, this paper empirically examines
the magnitude and causes of variation in electricity
(energy) use in a sample of Indian dwellings with and
without AC, using an interview-based survey approach
applied to 41 dwellings (households) located across
two cities (Hyderabad and Jaipur) representing the
composite climate of India. Hyderabad and Jaipur,
although geographically separated, display similar cli-
mate characteristics with extremes of temperatures
defined by seasons. The composite climate zone is
typically characterised by very high diurnal variation,
variable humidity and sky conditions and seasonal
precipitation. These zones experience hot winds in
summer, cold winds in winter and strong winds in
monsoon. The two different cities were selected to
represent diversity of samples. Statistical analysis (mul-
tivariate regression) is used to unpack the relationship
between physical characteristics of dwellings (built
form, size), income groups, occupancy factors (number
of occupants), socio-demographics, appliance usage
and electricity use. Since monitoring as a means of
analysis was not in the scope of this pilot study, the
study was limited to questionnaire surveys using inter-
view-based approach to obtain results for variables
used in regression analyses. The intent of this pilot
study was to test the appropriateness of methods for
data collection and analysis of REC in India, which is
why a considerably small sample of dwellings in differ-
ent cities has been taken. The success of the pilot study
is expected to guide future studies in this area with
much larger samples and datasets across different cli-
matic zones to understand REC at a national level. The
study is part of a five-year Indo-UK research pro-
gramme called RESIDE - Residential Building Energy
Demand Reduction in India.

2. Literature review

Internationally, a number of studies have adopted sur-
vey-based approaches to characterise the drivers of
residential energy consumption in different countries.
Such surveys tend to gather data about physical char-
acteristics, socio-demographic attributes, appliance
stock and usage. They are typically dispensed through
person-to-person interactions (Gupta et al. 2020).
About 24 studies were identified from an extensive
review of literature, wherein 60% of the studies were
based on analysis of secondary survey-based data,
while 40% of the studies gathered primary data
through surveys. The key characteristics of these stu-
dies are summarised in Table 1.

As shown in Table 1, statistical methods based on
regression analysis were used in these studies with
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Table 1. Characteristics of international studies (outside India) that use survey-based approach to examine residential energy use.

Sample Size
range References Location coverage Type of Data
1-500 (Al-Sulaiman and Zubair 1996; Baker and Rylatt 2008; Hara et al. 2015; Kuwait, Latvia, Vietnam, Saudi-Arabia, Primary and
Jaffar et al. 2018; Le and Pitts 2019; Poznaka et al. 2015) Japan, UK, Ireland, Netherlands Secondary
(Bedir et al. 2013; Famuyibo et al. 2012) Data
501-1,000 (Huebner et al. 2015) UK Secondary Data
1,001-5,000 (Hu et al. 2017) China, USA, Germany, China, Australia Primary and
(Fan et al. 2015; Frondel et al. 2019; Sanquist et al. 2012; Xie et al. 2020) Secondary
Data
5,001- (Karatasou and Santamouris 2019; Kostakis 2020; Wiesmann et al. 2011)  Portugal, USA, Greece Secondary Data
10,000
10,001- (Ohler et al. 2020) USA Secondary Data
15,000

varying sample sizes (from less than 500 to 15,000) to
investigate the relationship of variables such as appli-
ance usage, floor area, age of building, electricity tariff,
appliance ownership, AC usage and ownership, and
number of occupants, with residential energy use
(Hara et al. 2015; Le and Pitts 2019). In a few studies,
AC consumption was used as proxy for electricity con-
sumption (Hara et al. 2015; Singh et al. 2018b) while in
others, geo-spatial data were used to estimate floor
area of dwellings (Baker and Rylatt 2008).

Interestingly, a review of literature revealed that
there are relatively few studies that gathered primary
data on residential energy use in India - these studies
are summarised in Table 2. Half of the studies have
emphasised the effect of appliance ownership and
usage on electricity consumption (Jain et al. 2014;
Parikh and Parikh 2016; TERI 2008; The World Bank
2008), although the appliance data were sometimes
estimated using market data from Bureau of Energy
Efficiency (BEE) (Chindarkar and Goyal 2019). There is
no longitudinal national residential energy consump-
tion survey conducted in India, like the Residential
Energy Consumption Survey (RECS) in the USA that is
collected every 4 years (Chunekar and Sreenivas 2018).
The Indian Human Development Survey (IHDS) is the
only national survey that measures AC ownership as
a separate variable, but its last available dataset was
from 2011 to 2012, making it dated given the rapid
growth of urbanisation in India (Desai and Vanneman
2011). CEEW has recently conducted an India
Residential Energy Survey (IRES) covering 15,000
homes (Agrawal et al. 2020) - however, the survey
has been undertaken once and does not examine the
drivers of residential electricity use in India.

The frequency of factors in international and
Indian studies was analysed to identify the key
factors that influence residential electricity use, as

seen in Figure 1. The commonly identified factors
included appliance ownership, number of occu-
pants, occupancy pattern and income. Less empha-
sis was given to factors such as ownership of ACs,
their set point temperatures and usage. It was also
noted that most of the studies were not empirical
in nature, relied on secondary data and the analysis
methods largely involved modelling. Since the iden-
tified studies were conducted in different countries,
they sometimes revealed contradictory findings
implying the relevance of context on residential
electricity use. While Wiesmann (2011) reported
a lower effect of income on REC in Portugal,
Pachauri and Hara et al. reported a significant effect
of income on electricity consumption in India (Hara
et al. 2015; Pachauri and Jiang 2008). Floor area and
family size were also found to have a positive effect
on REC especially in USA and Australia (Fan et al.
2015; Karatasou and Santamouris 2019), while stu-
dies conducted in Europe found socio-economic
variables, demographic variables, occupancy pat-
terns and dwelling characteristics playing an impor-
tant role in REC (Bedir et al. 2013; Huebner et al.
2015; Kostakis 2020). A meta-study by Jones et al
(2015) on 18 studies found that the number of
occupants had a positive effect on electricity con-
sumption. On the other hand, an Indian study
showed negative effect of number of occupants
on REC (Filippini and Pachauri 2004), while another
Indian study reported positive effects of floor area,
number of occupants, AC use and appliances on
REC (Singh et al. 2018b). A survey-based study in
Kuwait found AC set point temperature, number of
rooms and number of occupants to be key drivers
of residential energy use (Jaffar et al. 2018).
Outdoor climatic condition was found to be
a significant driver of REC in studies conducted in

Table 2. Summary of Indian studies that use survey-based approach to assess residential energy (electricity) use.

REC % variance explained by

Sample Size range References Type of Data regression

1-500 (Tewathia 2014; Thapar 2020) Primary Data 52.8%

1,001-10,000 (Singh et al. 2018b) (Tiwari 2000) Primary Data & 54.3% — 98%
Secondary Data

>15,000 (Chindarkar and Goyal 2019; Filippini and Pachauri 2004; Pachauri and  Secondary Data 42% — 66.6%

Jiang 2008)
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Figure 1. Frequency of factors that influence residential electricity use in international and Indian studies (primary data were

measured on site; secondary data mostly modelled).

Ireland and Saudi Arabia (Al-Sulaiman and Zubair
1996; Famuyibo et al. 2012), while appliance usage
was found to be a major contributor of electricity
use in Vietnam for a sample of 60 households (Le
and Pitts 2019).

Although various empirical studies provide
a useful account of factors that affect REC in differ-
ent contexts, it is doubtful that this set of factors
can be applied to the Indian context, given the
difference in climatological, building and socio-
demographic realms. The studies also emphasise
the need to gather empirical data on building and
occupant-related factors. This study addresses these
factors for the Indian context focusing on the com-
posite climatic zone of India.

3. Methodology

A survey-based approach was formulated to collect
data on socio-technical factors that may drive REC in
India, as revealed by the review of literature. Electricity
consumption data for one year (2018-2019) was gath-
ered by collecting historic electricity bills from the
householders. Monthly meter readings were noted to
examine seasonal variation in electricity use.

3.1. Survey design

A survey framework was developed to gather data on
dwelling physical characteristics (dwelling form, dwell-
ing size, number of rooms, dwelling ownership, dwell-
ing unit location, construction system, built up area,
percentage of roof exposure to sun); socio-
demographics (income group, number of occupants);
appliances (types and number of appliances owned,
space cooling appliances, usage hours) and AC usage
(number, type and age of AC units, set point

temperature, energy rating, cooling capacity and
usage hours). The questionnaire survey variables
along with their categories and type of data gathered
are shown in Table 3. The survey data were gathered
using online Google Forms. Utilising an interview-
based approach, trained field researchers completed
the online questionnaire while reading out the survey
questions and recording the participant responses, to
ensure the intent was rightly conveyed and to avoid
misinterpretation. Informed consent was gained from
each survey participant.

3.2. Sampling

A total of 47 urban dwelling units representing diverse
dwelling forms, income groups and ownership of AC
units were recruited using purposive sampling in two
cities (23 in Hyderabad and 24 in Jaipur) representing
the composite climate of India. These representative
forms (apartments with less and more than four stor-
eys and standalone houses) along with the exterior
and interior of dwellings in Jaipur and Hyderabad are
shown in Figure 2. Since there is a lack of a standard
dwelling typology in India, the housing typologies vary
greatly across geographies, despite being in the same
climatic zone. Thus, the selected sample reflects diver-
sity of the varied representative forms of dwellings.
The income groups defined under the “Pradhan
Mantri Awas Yojana” (Ministry of Housing & Urban
Affairs 2021) were used to categorise income groups
as low-income (LIG), middle-income (MIG) and high-
income (HIG) groups. While survey data and electricity
bills for one year (2018-19) were gathered from 47
dwellings, due to missing data points, complete data-
set of only 41 dwellings was available for analysis. All of
the 41 dwellings were regularly occupied during the
period.
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Table 3. Survey variables used in the study.

Type of
Variable Group Variables Categories/unit of measurement Data
Physical
characteristics Dwelling form Standalone House (having one common wall with adjacent house), Row houses, Apartment  Categorical
block (less than or up to 4 storeys high), Apartment block (greater than 4 storeys high)
Dwelling size 1BHK (Bedroom, Hall and Kitchen), 2BHK, 3BHK, 4BHK, 5BHK or more Categorical
Number of rooms Drawing room, Dining room, Kitchen, Bedroom 1, Bedroom 2, Bedroom 3, Study, Balcony/ Numeric
Garden, Other
Ownership of Self-Owned, rented Categorical

dwelling

Dwelling unit location Ground floor (directly on ground), Ground floor (directly above stilt parking), Middle floor, Top Categorical

floor or name floor level
Primary construction

Brick - Masonry structure (load bearing walls), Stone - Masonry structure (load bearing walls), Categorical

system RCC framed structure + masonry walls (non-load bearing), Reinforced concrete (RCC)
structure, Timber, Other
Built up area Square meters Numeric
Percentage of roof Greater than 50%, 50%, 40%, 30%, 20%, less than 20%, NA Categorical
exposure to sun
Socio- Income group LIG (low-income group), HIG (high-income group), MIG (middle-income group) Categorical
demographics Number of occupants Number Numeric
Appliances Number of appliances Number Numeric
owned
Space cooling AC, Ceiling fan, table fan, Wall Fan, Desert cooler and Air cooler Categorical
appliances

Other appliances

Refrigerator, Mixer-grinder, Microwave/oven, induction plate, Electric cooker, Electric chimney, Categorical

Electric kettle, Toaster, Exhaust fan, Water purifier, Television, Set-up box, Music system,
Desktop Computer, Laptop, Router, Printer/Scanner, Washing machine, Dishwasher, Voltage
stabilizer, Iron, Vacuum cleaner, Water pump/motor, Dehumidifier, Non-electrical heating,
Incandescent light (bulb), TFL, CFL, LED

Annual appliance Hours
usage hours
Air conditioning  No. of AC units
usage Type of AC units
Age of AC units
Rating of AC units 1,2,3,4,5 star
Cooling capacity of AC Ton

Number
Window, Split, Unknown

units
Preferred set point Degree Celsius
temperature
Annual AC usage Hours
hours
Electricity use Annual electricity kWh

consumption
Monthly electricity kWh
consumption

Less than 1 year, 1-5 years, 5-10 years, Over 10 years, Not known, NA

Numeric
Numeric
Categorical
Categorical
Ordinal
Numeric
Numeric
Numeric

Numeric

Numeric

In line with other studies (Indraganti 2010), summer
season was presumed to run from March to June,
monsoon season from July to October, and the winter
period from November to February, to understand
seasonal variation across income groups and dwellings
with and without ACs. As stated by Flyvbjerg (2006),
although large-scale studies provide breadth, smaller
sample studies can help to provide depth, which is
essential in social science. Despite the problems in
generalising from smaller studies, the strategic method
of choosing the sample and examining the study find-
ings in depth can provide valuable contribution to
science (Flyvbjerg 2006).

3.3. Analysis approach

In line with literature based on multivariate regression
analysis method, independent variables were selected
based on their theoretical significance to the depen-
dent variable. Multiple regression was used since it has
been found to be suitable for analysis of small samples
for detecting relationships. Compromise power

analysis for linear regression was conducted to identify
the error and power of the test. Although the number
of samples were less, they were sufficient for a feasible
analysis (N >30). Collinearity was checked using
Pearson correlation for numeric values. Central limit
theorem states that violation of normality is not up
for dispute when the sample size is greater than 100.
A quick understanding of normality was done by
observation of mean and standard deviation.
Multi-linear regression was used to test the rela-
tionship between the hypothesis variables (number
of rooms, number of occupants, appliance usage
hours (of AC and appliances), non-AC appliances
and AC units as well as income group) and the
dependent variable of annual REC. As the number
of AC units and the presence of AC explain the
same variables, only one variable was appropriately
used to signify the impact on REC (presence/own-
ership of AC was selected here). Similarly, the effect
of BHK, floor area and number of rooms was also
explaining the effect of the size of the dwelling;
here, the number of rooms was selected based on
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Figure 2. Exterior and interior photographs of case study dwellings in Jaipur and Hyderabad.

Table 4. Electricity tariffs in Hyderabad and Jaipur.

Slabs INR/kWh
Hyderabad (domestic category)

0-200 units (kWh) per month 5
201-300 units (kWh) per month 73
301-400 units (kWh) per month 8.5
401-800 units (kWh) per month 9
Above 800 units (kWh) per month 9.5
Jaipur (General domestic —4)

First 50 units (kWh) per month 4.75
50-150 units (kWh) per month 6.5
150-300 units (kWh) per month 7.35
300-500 units (kWh) per month 7.65
Above 500 units (kWh) per month 7.95

literature. Prior to conducting regression analysis,
data were prepared for collinearity and normality.
Based on monthly electricity consumption, electri-
city costs were calculated using published electri-
city tariffs for Jaipur and Hyderabad, as shown in
Table 4.

Logarithmic transformation was done to normalise
the numeric data. Non-categorical variables were run
through Shapiro-Wilk test since the sample size was
small (<50) where significance < 0.05 identifies non-
normal data. To establish the validity of regression
values, Variance Inflation Factor (VIF) and partial
R-square were validated against the values obtained.
VIF > 5 reveals multi-collinearity, while partial R square
can also reveal any collinearity issues (Huebner et al.
2015; Min et al. 2010; Pachauri and Jiang 2008). The
residuals that are standardized predictors of variables

should have a mean of zero and standard deviation of
nearly one. If residuals were found to be normally
distributed, then 95% of them would fall between -2
and 2. If they fell above 2 or below -2, then the model
was considered abnormal (UCLA 2020). Filtered out
redundant variables based on the six literature vari-
ables were analysed through multiple regression ana-
lysis. Insignificant variables with p-value >0.05 were
excluded from the results. Interaction effects among
these variables were accounted for. For example, since
both “AC usage hours” and “presence of AC” had
a moderate correlation with REC, “AC usage hours”
was not used in the regression analysis. The variables
that showed significant variance are explained in the
results. Regression equation with REC as the depen-
dent variable was represented by the following
equation.

Equation 1

Annual REC = ay + a;.NumRooms
+ a,.AnnualnonACuse + as.Numapp

+ a4.presenceofAC + as. Z incomegrp
i

+ ag.Numocc
(M

where

e Annual REC - Annual Residential

Consumption

Energy
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e NumRooms — Number of rooms

e AnnualnonACuse- Annual non-AC appliance
usage hours

Numapp - Number of non-AC appliances
Presence of AC -AC/non-AC dwelling

Income grp - Income group (LIG, MIG, HIG)

Num occu - Family size

® 0o Intercept

® 04-07, - Slope for each variable

4. Results
4.1. Dwelling and occupancy characteristics

The 41 dwellings sample included 16 LIG, 16 MIG and 9
HIG households occupying eight apartments greater
than four storeys tall, four apartments lesser than four
storeys and 29 stand-alone houses. About 28 dwellings
had AC with one or more AC units, while 13 dwellings
had no AC. About 75% of dwellings had a roof that was
more than 50% exposed to the sun, while the rest were
less exposed or did not have exposed roofs. Over 80% of
dwellings were constructed using Reinforced Cement
Concrete (RCC) structure and masonry walls, with
remaining 20% having load-bearing masonry structures.
The average age of the structure of the dwellings sam-
ple was 10years old, and only 17% of the dwellings
were less than five years old. Some of the physical char-
acteristics of the dwellings are shown in Table 5 along
with their annual electricity consumption, which is dis-
cussed in subsequent sections. Nearly 80% of the dwell-
ings were self-owned and 20% were rented. Although
the average number of occupants in the dwellings were
about four, a few cases may be considered as outliers

100%

(for example, J4004 with 14 occupants and J4020 with
10 occupants). Further, the annual REC per occupant in
J4016 is high; this may well be considered as an outlier
suggesting inefficiency of envelope, as the LIG dwelling
is at least over 15years old, with a single AC unit in
a three BHK covering built-up area of 137 m% Table 5
summarises of physical characteristics of dwellings and
annual electricity use (n: 41).

Analysing the data for the number of appliances
owned (Figure 3) revealed that 98% of the dwellings
owned a refrigerator and television. This compared
favourably with the 2019 CLASP-NEEM study that
found that more than 80% of Indian urban households
owned a TV and refrigerator (Walia et al., 2019). LEDs,
water pump motors and washing machines were the
next commonly owned appliances, while 68% of dwell-
ings owned an AC. It would be useful to compare the
magnitude of variation in electricity used by space
cooling and non-space cooling appliances in dwellings
with ACs and those without them. This could further
be observed across income groups, which was studied
in the next section. It was also observed that HIG
dwellings owned more appliances than LIG and MIG
dwellings, although LIG dwellings had a higher annual
appliance usage than MIG dwellings in monsoon and
winter seasons.

Along with the extent of ownership of appliances,
data on appliance usage hours were analysed to
understand how electricity was used in Indian dwell-
ings. As expected, always-on refrigerators had the
maximum annual hours (8,147 h), followed by televi-
sions (1,686 h), AC (1,516 h) and desert coolers (633 h).
This trend was also observed in the CLASP-NEEM study
(Walia et al., 2019) where refrigerators and televisions
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Figure 3.

Percentage ownership of appliances across the sample of 41 dwellings.
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Table 5. Physical characteristics and annual electricity consumption of the dwellings.

Annual
Built up REC

Income Dwelling  area No. of AC/non-AC No.of AC (2018- EPI (kWh/  Annual REC per occupant

group ID (m?) occupants Dwelling type dwelling units 2019) mz/year) (kWh/occupant)

LIG J4007 70 2 Apartment block (>4  non-AC 0 683 10 342
storeys high)

LIG HP3006 74 7 Standalone house non-AC 0 1,020 14 146

LIG HP3009 93 4 Apartment block (<4  non-AC 0 1,173 13 293
storeys high)

LIG HP3008 93 4 Apartment block (<4  non-AC 0 1,269 14 317
storeys high)

LIG 14018 172 5 Standalone house non-AC 0 1,308 8 262

LIG J4006 96 2 Apartment block (<4  AC 1 1,362 14 681
storeys high)

LIG J4001 167 3 Standalone house non-AC 0 1,943 12 648

LIG 14025 121 3 Apartment block (<4  AC 1 1,957 16 652
storeys high)

LIG 14003 152 7 Standalone house non-AC 0 2,032 13 290

LIG J4013 84 3 Standalone house non-AC 0 2,082 25 694

LIG HP3019 186 2 Standalone house AC 2 2,177 12 1,089

LIG HP3022 93 4 Standalone house non-AC 0 2,326 25 582

LIG 14002 78 4 Standalone house AC 2 3,021 39 755

LIG J4016 137 2 Standalone house AC 1 3,238 24 1,619

LIG HP3018 214 3 Standalone house AC 1 3,258 15 1,086

LIG J4009 183 9 Standalone house non-AC 0 5,856 32 651

MIG HP3002 101 2 Standalone house AC 1 1,796 18 898

MIG 14023 107 9 Standalone house non-AC 0 2,090 20 232

MIG 14017 316 3 Apartment block (>4  AC 2 2,159 7 720
storeys high)

MIG HP3011 93 5 Apartment block (<4  AC 1 2,451 26 490
storeys high)

MIG HP3013 102 2 Standalone house AC 2 2,699 26 1,349

MIG HP3020 232 2 Standalone house AC 3 2,831 12 1,416

MIG HP3001 93 4 Standalone house AC 1 2,875 31 719

MIG HP3024 107 4 Standalone house AC 1 2,896 27 724

MIG HP3017 93 4 Standalone house AC 1 2,930 32 732

MIG HP3007 93 4 Apartment block (<4  AC 1 3,052 33 763
storeys high)

MIG HP3025 156 4 Standalone house AC 1 3,349 22 837

MIG HP3005 111 6 Apartment block (>4  non-AC 0 3,548 32 591
storeys high)

MIG 14008 195 6 Standalone house AC 2 5,848 30 975

MIG J4004 334 14 Standalone house AC 4 6,865 21 490

MIG 14021 143 4 Standalone house AC 1 6,898 48 1,725

MIG J4010 300 6 Standalone house AC 3 9,644 32 1,607

HIG HP3003 149 2 Apartment block (<4  AC 1 2,656 18 1,328
storeys high)

HIG HP3004 102 2 Standalone house AC 4 3,240 32 1,620

HIG HP3015 260 6 Standalone house non-AC 0 4,047 16 675

HIG HP3012 232 2 Standalone house AC 4 5,257 23 2,629

HIG J4012 139 3 Apartment block (<4  AC 3 5,492 39 1,831
storeys high)

HIG HP3023 186 4 Standalone house AC 3 5611 30 1,403

HIG HP3014 130 4 Apartment block (>4  AC 4 5,924 46 1,481
storeys high)

HIG 14020 372 10 Standalone house AC 1 6,765 18 677

HIG 14022 138 6 Standalone house AC 3 11,570 84 1,928

were the most frequently used appliances annually.
The usage of refrigerator and TV was constant
throughout the year as compared to the seasonal
usage of desert coolers which increased by five times
in the summer as compared to the monsoon season.
Likewise, usage of geyser (for hot water) increased
three times in the winter season as compared to the
monsoon season.

4.2. Variation of electricity use by income group

The annual REC, annual REC normalised by area (EPI)
and annual REC normalised by number of occupants

was found to increase with increasing income, as
shown in Table 5 and Figure 4. Mean annual REC was
observed to be 2,169 kWh/year for LIG dwellings (n:
16), increasing by 1.8 times to 3,870 kWh/year for MIG
dwellings (n: 16), and by 2.6 times to 5,618 kWh/year
for HIG dwellings (n: 8). Mean EPI was also found to
increase with income group, equating to 18 kWh/m?%/
year (19.9 kWh/m?/year for AC and 16.4 for non-AC
dwellings), 26 kWh/m?/year (26 kWh/m?/year for AC
and 25.7 kWh/m?/year for non- AC dwellings) and 34
kWh/m?/year (36.2 kWh/m?/year for AC and 15.6 kWh/
m?/year for non-AC dwellings) for LIG, MIG and HIG
dwellings, respectively. It is to be noted that the mean
EPI for MIG dwellings did not vary much between AC
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Distribution of REC across income groups
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Figure 4. Variation of annual electricity use by area and number of occupants for 41 dwellings across income groups.

Table 6. Seasonal variation of REC across income groups.

Mean Summer REC

Mean Monsoon REC Mean Winter REC

Income group (as defined under PMAY - Pradhan Mantri Awas Yojana) (kWh) (kWh) (kWh)
LIG 931 792 532
MIG 1,725 1,294 903
HIG 2,043 1,848 1,465

and non-AC dwellings, the reason behind which may
simply be that only two dwellings from the 16-sample
MIG dwellings were not AC. As LIG households become
MIG with increasing income, a doubling of residential
electricity use can be expected in India. A similar trend
was observed when annual electricity use was normal-
ised by number of occupants; varying from 632 kWh/
occupant in LIG dwellings, to 892 kWh/occupant in
MIG and 1,508 kWh/occupant in HIG dwellings.

Seasonal variations of REC were also explored for
the summer, monsoon and winter seasons by income
groups as shown in Table 6. It was found that HIG
dwellings had the highest and LIG dwellings had the
lowest mean REC across all three seasons. While sum-
mer electricity use was found to be 1.7-1.9 times more
than the winter season in LIG and MIG dwellings due to
the use of energy-intensive cooling devices, this
reduced to 1.4 times for HIG dwellings indicating the
all-year round use of non-cooling appliances in such
dwellings.

The electricity tariffs in Hyderabad and Jaipur
(Table 4) were used to estimate annual electricity
costs (normalised by floor area) for each of the
dwellings in the 41 dwelling sample, as shown in
Figure 5. As expected, on average, HIG dwellings
spent almost twice on annual electricity use than
LIG dwellings. Annually, dwellings with ACs (n=28)
spent 71% more on total electricity use compared
to dwellings without Acs (n=13). However, HIG

dwelling HP003 with AC spent lower annual electri-
city cost than a non-AC LIG dwelling J4009 because
of the large difference in the number of occupants.
HIG dwelling HP003 was inhabited by two occu-
pants as compared to nine occupants in LIG dwell-
ing J4009 which also had two times more non-AC
appliances with 1.4 times usage hours. This
strengthens the need to collect contextual survey
data for better understanding the variation in
energy use across dwellings.

In addition to income group, the relationship
between dwelling size and electricity use, was
examined by plotting annual REC (kWh) against
floor area (m?) (Figure 6), which was categorised
into 50 m? ranges in reference with the GBPN report
(Rawal and Shukla 2014). Interestingly, median and
mean annual REC were found to have no relation-
ship with dwelling size which was also confirmed by
a weak correlation (R*=0.24) between floor area
and annual electricity use.

4.3. Variation of electricity use by AC use

Among the 41 dwellings, there were 55 AC units and
40 desert coolers owned by the residents. From the
sample, about 38% of LIG dwellings, 88% of MIG dwell-
ings and 89% of HIG dwellings were AC. About 84% of
the dwellings with AC units (n: 28) had a split AC
system installed, with capacity of 1.5 ton, of which
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Figure 5. Variation of annual electricity consumption/m?/year and estimated annual electricity cost in INR by income group.
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Figure 6. Variation of annual electricity consumption by floor area range in steps of 50 m?.

64% were less than five years old. As shown in Figure 7,
more than 50% of the dwellings used a 3-star rated AC
which had mid-level energy efficiency, indicating the
untapped potential of deploying energy efficient 5-star
appliances.

The mean annual electricity consumption for AC
dwellings (n: 28) was found to be 4,208 kWh/year,
which was nearly double that of the non-AC dwellings
(n: 13) amounting to 2,260 kWh/year. This implies that
if AC usage became widespread in India, it could
potentially lead to a doubling up of residential

electricity use. Seasonal variation in electricity use
was significant in dwellings with ACs, as shown in
Figure 8.

While AC dwellings were found to consume
two times more electricity during the summer
months as compared to their consumption in
winter season, the variation in electricity use in
summer, monsoon and winter seasons was less
significant in non-AC dwellings, as shown in
monthly electricity use of AC and non-AC dwell-
ings in Table 7.

Type of AC system Split | Window |
Age of the AC (years) 1-5 | 5-10 | >10 |
Capacity in ton 1 1.5 |
AC star rating |2 8
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 7. Characteristics of AC appliances across AC dwellings.



JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING . 903

Monthly variation of electricity use
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Figure 8. Energy use per month across AC and non-AC
dwellings.

This difference in electricity use was reflected in
electricity costs, wherein for AC dwellings, the average
monthly electricity cost in summer and monsoon sea-
sons was found to be US$ 14/month, which was 3.5
times more than the winter season (US$ 4/month). On
the other hand, non-AC dwellings used US$ 8/month
in the summer/monsoon seasons as compared to US$
3/month in the winter season.

The monthly variation reflected in the mean daily
electricity consumption for summer (May), monsoon
(July) and winter (January) seasons, as shown in
Figure 9. Daily electricity use of AC dwellings in the
summer/monsoon seasons was nearly three times
more than the winter consumption. Non-AC dwell-
ings, on the other hand, did not experience such
a stark difference in electricity use across seasons
despite there being up to 15°C seasonal difference
in the outdoor temperature in the composite climatic
zone, as seen in the Figure. The seasonal variation in
electricity use due to AC will need to be addressed as
more numbers of dwellings in India get AC due to
changing expectations, urbanisation and a warming
climate.

Despite the seasonal use of AC, there was a weak
correlation observed between the AC set point tem-
perature and annual REC (R2=0.09) in AC dwellings.
Furthermore, the mean REC for AC dwellings in winter
(977 kWh) season was similar to the mean REC of non-
AC dwellings in the summer (950 kWh), indicating that
all 41 dwellings were running in non-AC mode in the
winter, indicating the mixed-mode nature of Indian
dwellings even with ACs. The relationship of number
of AC units, their usage hours and residential electricity
use was also analysed (Figure 10). The correlation
between AC usage hours and the number of AC units
was found to be moderate (R*=0.53), implying that
not all AC units were used all the time, possibly
because of the room-level (decentralised) nature of
AC usage in India. Summer AC usage hours were
found to be the highest for HIG dwellings and lowest
for LIG dwellings.

Monthly REC could also be correlated with outside
weather conditions to examine the relationship
between electricity use and weather. Degree days are
commonly used to estimate building energy consump-
tion accounting for weather. Cooling degree days
(CDD) relate to energy required to cool buildings and
are highest in summer. They are determined using the
base temperature, which is the temperature above
which cooling may become necessary. The estimated
base temperature used for cooling and heating degree
days calculation is 18°C for India (Bhatnagar et al.
2018). According to ASHRAE (The American Society of
Heating, Refrigerating and  Air-Conditioning
Engineers), the daily degree days can be extracted by
calculating the difference between the mean tempera-
ture (Tmax-Tmin)/2 and base temperature (Tpase) USINg
the following equation. Utilising data from degree days
for Jaipur and Hyderabad, the CDD at 18°C were

Table 7. Seasonal electricity consumption and AC usage in AC and non-AC dwellings.

Mean Winter
Mean Summer  Mean Monsoon REC (kWh) AC usage hours in AC usage hours in AC usage hours in
REC (kWh) REC (kWh) November- summer (in hours) monsoon (in hours) winter (in hours)
March-June July-October February March-June July-October November-February
AC 1,733 1,427 977 1,553 646 22
Non-AC 950 774 677 0 0 0
Mean daily electricity consumption in a month of each season
20 40
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Figure 9. Mean daily REC (kWh) use in summer (May), monsoon (July) and winter (January) seasons for AC and non-AC dwellings.
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Figure 10. Boxplot of annual electricity consumption with
respect to the number of AC units.

extracted (Bizee 2020). However, the survey data in this
study found that the average preferred set point tem-
perature of room ACs was 26°C on average.

Equation 2

Trmax — Trmi +
CDD = < = >  — Tbase) (2)

A scatter plot of the mean monthly electricity use
against corresponding CDD revealed a slightly weaker
correlation in AC dwellings (R?=0.50) than non-AC
dwellings (R*=0.56) as shown in Figure 11. This indi-
cates that there is a potential for managing electricity
use in relation to outside weather through weather
compensation and smart management.

4.4. Factors affecting residential electricity use

Since the study sample was small in size, compromise
power analysis was conducted on six selected survey
variables (factors) with power of 0.95 to examine their
relative impact on REC. These variables included num-
ber of occupants, number of rooms, number of non-AC
appliances, appliance usage hours (non-AC), and the
presence of AC and income group. Since annual REC
was not normally distributed, natural logarithmic
transformation was applied to normalise the data. To
include categorical values for multivariate regression
(MVR), they were coded as dummy variables, in this
case, the variables — income group and the presence of
AC were recoded into dummy variables. All these
transformed variables were used in the regression ana-
lysis model.

The six selected variables were correlated before
analysis, and higher correlated variables were removed
to avoid collinearity during analysis or to avoid a higher
VIF. Correlations over 0.8 were flagged and removed.
The collinearity diagnostics revealed a reasonable value
of VIF (<2). A partial R-square value of less than 0.8
confirmed the absence of collinearity. Durbin-Watson
value of 1.8 indicated a positive autocorrelation. The
regression analysis using dummy variables also revealed
significance of demographic variables relative to refer-
ence dummy variable. The coefficient for HIG and MIG
dwellings was found to be positive with electricity

O AC
O no-AC
Fit line forTotal
800 R? Linear = 0.203 ¢
AC: R? Linear = 0.502 °
no-AC: R? Linear = 0.561 o
=
S
= 600
o
w
[+ 4
o
N —
€
S 400
£
' —
®©
Q
b
200
0 100 200 300 400 500 600
CDD at 18°C

Figure 11. Scatter plot of mean monthly REC (kWh) vs CDD at 18°C.
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Table 8. Regression model results.

Unstandardized Coefficients

Standardized Coefficients

B Std. Error Beta t Sig.
(Constant) 6.00 0.25 24.00 0.00
Presence of AC 0.49 0.14 0.37 3.54 0.00
Annual non-AC appliance hours 0.00 0.00 0.24 2.69 0.01
Incomegroup=HIG 0.45 0.16 0.30 2.85 0.01
Incomegroup=MIG 0.19 0.14 0.15 134 0.19
Number of non-AC appliances 0.00 0.01 -0.02 -0.18 0.86
Number of rooms 0.05 0.02 0.33 3.14 0.00
Number of occupants 0.09 0.02 0.39 3.77 0.00
R 0.89
R Square 0.80
Adjusted R Square 0.76
Std. Error of the Estimate 0.31
R Square Change 0.80
Durbin-Watson 1.80

consumption, while it was negative for LIG dwellings,
indicating that HIG and MIG dwellings have higher con-
sumption than LIG dwellings. The insignificant variables
(p > 0.05) were excluded and standardised coefficients
with significance were used to explain the results.

As shown in Table 8, the multivariate regression
model was reduced to five predictors (variables) - pre-
sence of AC, number of occupants, annual non-AC appli-
ance hours, number of rooms, and income group
(where HIG had a 45% increase in REC with respect to
LIG dwellings). These five variables accounted for 80% of
the variation in electricity consumption across the given
dwelling sample. The key factor that impacted residen-
tial electricity use was found to be number of occupants
(household size), while other factors in decreasing order
of significance were as follows: presence of AC, number
of rooms (dwelling size), income group (HIG as the high-
est consumption group) and annual non-AC appliance
hours. The regression model results aligned well with
the findings that electricity use higher in households
with AC and those in the high-income group. Such
households may need to be targeted first in any drive
to reduce residential electricity use.

5. Discussion

This empirical study has revealed that despite having
the same climatological realm for a small sample of 41
dwellings, annual residential electricity use (normalised
by area and number of occupants) varied widely
depending upon the income group, presence of AC
and usage hours of appliances. This is a significant find
for residential energy policy in India. Given that HIG
dwellings consumed more than double the amount of
electricity than LIG dwellings, and MIG consumed 1.8
times more electricity than LIG, it is vital to address
these highest electricity consumers and ensure that
the lowest electricity consumers do not rapidly move
to these groups. This will be a social challenge given
the rapidly rising middle class in India with aspirations
for better thermal comfort. Furthermore, given the

varying levels of electricity use across income groups,
it is recommended that policy measures be customised
for different income groups to make them relevant.
While financial incentives to purchase energy-efficient
appliances may not work for more affluent dwellings,
these may be appropriate for the lower income groups.
For the more affluent - MIG and HIG dwellings,
enabling the purchase of rooftop solar systems to
meet the electricity demand locally may be more
appropriate and acceptable. Such measures will align
with the national commitment of India to move to 500
gigawatts (GW) of non-fossil electricity capacity and
produce half the energy from renewables by 2030.

The significant difference in the annual, seasonal,
monthly and daily electricity use of dwellings with
ACs in comparison with those without could direct
policies to curtail the growth of AC through
a combination of energy conservation measures
and purchase of 5-star rated (energy-efficient) ACs.
The untapped potential of energy-efficient ACs is
vital given that 3-star rated AC units with mid-
range level of energy efficiency were found to be
most popular in the study sample. Moreover, given
that evaporative coolers use 56% less electricity as
compared to AC units (Sharma et al. 2021), it is vital
that the use of desert coolers is promoted as the
key cooling device during the summer period, with
AC usage largely limited to the more humid mon-
soon season. Such seasonal use of cooling devices
can lead to rapid reduction in REC.

Another important finding from the study was the
prevalence of seasonal variation in REC, especially for
dwellings with AC experiencing summertime electri-
city consumption twice that of the winter season. This
finding aligned with another large-scale study con-
ducted in the composite climate zone which reported
that AC and refrigerators in summer contributed to
around 70% of the total electricity consumption
(Thapar 2020). Another study identified that REC
almost doubled with the use of room AC units (Rawal
and Shukla 2014). With the expected growth of resi-
dential AC in India driven by increasing incomes,
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urbanisation and a warming climate, uncontrolled
increase in summertime residential electricity load
would have a major impact on the electricity networks,
potentially leading to blackouts. Although solar energy
is plentiful during the summer, night-time peak of
electricity use for AC would limit the use of solar
energy. This reinforces the need for smartly managing
AC usage in Indian dwellings to manage peak time
loads.

Besides income group, number of rooms (dwelling
size), presence of AC, usage of non-AC appliances and
number of occupants were found to explain 80% of the
variation in electricity use across the study sample.
Again, this finding was in line with other large-scale
studies in India. Within a composite zone study of 365
households, the major drivers of REC were found to be
number of appliances, usage of appliances, income,
dwelling size and family size (Tewathia 2014). Singh
et al. conducted a large sample study of 1,026 house-
holds and reported that presence of AC, family size,
dwelling size, number of appliances and climatic zone
influenced the REC (Singh et al. 2018a&b). Another
study based on 30,000 households (from NSS data)
conducted at the national level found that income,
family size and other household characteristics were
major drivers of REC (Filippini and Pachauri 2004).
Therefore, it is clear that regardless of the scale of the
study, common drivers (factors) of REC were found to
include income group, number of occupants, number
of appliances/usage and dwelling size.

Given the influence of AC use on REC, it is clear
that without bringing about a major reduction in
AC use, the electricity demand in Indian dwellings
will continue to rise. Since not all AC units were
found to be used at the same time, there is some
indication of energy awareness and energy thrifty
behaviours amongst the study sample. Future
energy policy should also focus on behavioural
aspects, developing schemes for raising awareness
amongst householders to use non-AC cooling
devices such as fans and desert coolers in less
extreme weather (habitual behaviour), as well as
providing incentives to influence initial purchase
decisions for energy-efficient cooling devices includ-
ing ACs (purchase behaviours).

6. Conclusion

This study empirically examined the magnitude and
causes of variation in electricity use in Indian dwell-
ings with and without AC, using an interview-based
survey approach applied to 41 dwellings located
across two cities representing the composite climate
of India. Statistical analysis was used to unpack the
relationship between electricity use and socio-
technical factors. Despite the small sample size,
there was a wide variation observed in electricity

use by income groups and presence of ACs. The
mean annual REC was observed to be highest in HIG
dwellings (5,618 kWh), followed by MIG dwellings
(3,870 kWh) and lowest in LIG dwellings (2,169 kWh).
The mean annual electricity use of AC dwellings
(4,208 kWh/year) was found to be nearly double that
of non-AC dwellings (2,260 kWh/year). Multivariate
regression analysis revealed that presence of AC,
household size (number of occupants), annual non-
AC appliance usage hours, dwelling size (number of
rooms) and income group accounted for 80% of the
variability in electricity consumption across the study
sample. These factors were similar to those identified
in other large-scale studies, which imply that residen-
tial energy policy in India needs to consider these key
factors that drive REC.

Financial support to purchase energy-efficient
appliances could be more appropriate for the lower
income groups. Enabling the purchase of renewable
solar systems to meet the electricity demand locally
may be more appropriate for more affluent groups.
Significant seasonal differences in residential electricity
use found in this study and other large-scale studies
reinforce the need for upgrading thermal performance
of the building fabric to reduce the demand for cooling
in the summer.

The empirical survey-based approach adopted in
this pilot study could be expanded at a national scale
to help policymakers and researchers in India to under-
stand how, when and why electricity is used across
different climatic regions, seasons and income groups.
Such empirical data and evidence are not only useful
for designing appropriate energy policy programmes
but also for validating the projections of residential
electricity demand in India.

Future residential energy policy programmes
could include technological changes, such as
expanding the application of residential energy
code to all types of residential buildings and mov-
ing from the use of AC to desert coolers in less
extreme summer conditions, as well as behavioural
aspects related to purchase of highly energy-
efficient AC units (five-star energy rated). To be
effective, such policy programmes need to be cus-
tomised for different income groups, adopting
incentives as well as energy awareness campaigns
to influence both purchasing and habitual beha-
viours, which will require increased efforts on the
part of policymakers (Carpino 2019).

Acknowledgements

The study is part of the RESIDE project (Residential building
energy demand reduction in India), which has received fund-
ing from the Department of Science and Technology (DST),
India and Engineering and Physical Sciences Research
Council (EPSRC), UK grant no: EP/R008434/1.



JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING . 907

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This work was supported by the Engineering and Physical
Sciences Research Council [EP/R008434/1].

Notes on contributors

Rajat Gupta is Director of the multi-disciplinary Oxford
Institute for Sustainable Development (OISD) and Low
Carbon Building Research Group at Oxford Brookes
University (Oxford, UK). He holds a senior professorial chair
in sustainable architecture and climate change. Rajat's
research interests lie in building performance evaluation,
local area energy mapping, smart energy communities and
tackling summertime overheating in buildings. As Principal
Investigator (PI) he has won over £15 million in research
grants from UK Research Councils (EPSRC, ESRC, NERC),
Innovate UK and EU to investigate these subjects. Rajat was
UK lead of the £1.3 million EPSRC-DST sponsored Indo-UK
RESIDE project on residential building energy demand reduc-
tion in India. Rajat has produced nearly 200 publications and
is currently advising UK’s Ministry of Justice on overheating
in buildings. He has been an ad hoc member of UK
Government’s Air Quality Expert Group.

Anu Antony is a Postdoctoral Researcher in in Residential
Energy Demand base in the Low Carbon Building Research
Group at Oxford Brookes University (Oxford, UK). She is an
expert in data analytics and has been conducting research
and analysis of residential energy and indoor environment
data in the Indo-UK Reside project. Anu gained her PhD in
mechanical engineering in 2020 and MSc in renewable
energy on 2013 from Newcastle University.

Vishal Garg is University Chair Professor and the Director of
Indorama Ventures Center for Clean Energy at Plaksha
University (India). Until recently, he was Professor and Head
of the Center for IT in Building Science at IlIT Hyderabad
(India). He works on various aspects of energy efficiency in
buildings, such as building energy simulation for designing
energy-efficient buildings and automation and controls for
efficient operations. His current focus is on Smart Energy
Homes. He is also involved in policy-making and market
research of smart energy homes and is incubating a start-
up to facilitate lab to market. He teaches Building Energy
Simulation, Green Buildings, and Illumination Engineering.
He is a lead author of a workbook on building energy
simulation.

Jyotirmay Mathur is Professor at the Centre for Energy and
Environment, at Malaviya National Institute of Technology
(India). He works in the field of energy planning and model-
ing, building energy simulation, energy conservation in
buildings, and life cycle assessment of renewable energy
systems. He has in his credit 110 journal papers, more than
200 talks, several research projects including 5 international
collaborative projects besides having supervised 21 Ph.D.
scholars. Current activities include studies on adaptive ther-
mal comfort, modeling of passive and low energy cooling
systems, development of standards and codes for energy
efficiency, long term energy system modelling penetration
of renewable energy.

References

Agrawal, S. 2020. What Smart Meters Can Tell Us Insights on
Electricity Supply and Use in Mathura and Bareilly
Households. CEEW: 78. India: Council on Energy,
Environment and Water.

Al-Sulaiman, F. A, and S. M. Zubair. 1996. “A Survey of Energy
Consumption and Failure Patterns of Residential
Air-Conditioning Units in Eastern Saudi Arabia.” Energy
21 (10): 967-975.

Baker, K. J., and R. M. Rylatt. 2008. “Improving the Prediction
of UK Domestic Energy-Demand Using Annual
Consumption-Data.” Applied Energy 85 (6): 475-482.

Bedir, M., E. Hasselaar, and L. Itard. 2013. “Determinants of
Electricity Consumption in Dutch Dwellings.” Energy &
Buildings 58:194-207.

BEE. 2019. Impact of Energy Efficiency Measures. New Delhi:
Bureau of Energy Efficiency.

Bhatnagar, M., J. Mathur, and V. Garg. 2018. “Determining
Base Temperature for Heating and Cooling Degree-Days
for India.” Journal of Building Engineering 18:270-280.

Bhattacharyya, S. C. 2015. “Influence of India’s
Transformation on Residential Energy Demand.” Applied
Energy 143 (April): 228-237. https://doi.org/10.1016/j.ape
nergy.2015.01.048.

Biardeau, L., LW. Davis, P. Gertler, and C. Wolfram. 2020.
“Heat Exposure and Global Air Conditioning.” Nature
Sustainability 3 (1): 25-28. https://doi.org/10.1038/
$41893-019-0441-9.

Bizee. 2020. Degree Days Calculated Accurately for Locations
Worldwide. https://www.degreedays.net/.

Bureau of Energy Efficiency. 2018. “Eco-Niwas Samhita 2018
Part-I Building Envelope.” Accessed December 6, 2022
from https://www.beeinida.gov.in/sites/default/files/
ECBC_BOOK_Web.pdf.

Carpino, C. 2019. “On the Use of Questionnaire in Residential
Buildings. A Review of Collected Data, Methodologies and
Objectives.” Energy & Buildings 186 (March): 297-318.
https://doi.org/10.1016/j.enbuild.2018.12.021.

Chindarkar, N., and N. Goyal. 2019. “One Price Doesn't Fit All:
An Examination of Heterogeneity in Price Elasticity of
Residential Electricity in India.” Energy Economics 81 (June):
765-778. https://doi.org/10.1016/j.eneco.2019.05.021.

Chunekar, A., and A. Sreenivas. 2018. “Towards an
Understanding of Residential Electricity Consumption in
India.” Building Research & Information 47 (1): 75-90.

Chunekar, A., S. Varshney, and S. Dixit. 2016. “Residential
Electricity Consumption in India: What Do We Know?”
Prayas Energy Group 60.

Desai, S, and R. Vanneman. 2011. “India Human
Development Survey-Il.” University of Maryland and
National Council of Applied Economic Research, New Delhi
78-78. Ann Arbor, MI: Inter-university Consortium for
Political and Social Research.

Dhingra, N., A. Walia, and P.K. Mukherjee. 2016. Measuring
the Impact of India’s Standards and Labeling Program.
Famuyibo, A. A., A. Duffy, and P. Strachan. 2012. “Developing
Archetypes for Domestic Dwellings - An Irish Case Study.”
Energy & Buildings 50 (July): 150-157. https://doi.org/10.

1016/j.enbuild.2012.03.033.

Fan, H., I.F. MacGill, and A.B. Sproul. 2015. “Statistical Analysis of
Driving Factors of Residential Energy Demand in the Greater
Sydney Region, Australia.” Energy & Buildings 105 (October):
9-25. https://doi.org/10.1016/j.enbuild.2015.07.030.

Filippini, M., and S. Pachauri. 2004. “Elasticities of Electricity
Demand in Urban Indian Households.” Energy Policy 32 (3):
429-436.


https://doi.org/10.1016/j.apenergy.2015.01.048
https://doi.org/10.1016/j.apenergy.2015.01.048
https://doi.org/10.1038/s41893-019-0441-9
https://doi.org/10.1038/s41893-019-0441-9
https://www.degreedays.net/
https://www.beeinida.gov.in/sites/default/files/ECBC_BOOK_Web.pdf
https://www.beeinida.gov.in/sites/default/files/ECBC_BOOK_Web.pdf
https://doi.org/10.1016/j.enbuild.2018.12.021
https://doi.org/10.1016/j.eneco.2019.05.021
https://doi.org/10.1016/j.enbuild.2012.03.033
https://doi.org/10.1016/j.enbuild.2012.03.033
https://doi.org/10.1016/j.enbuild.2015.07.030

908 R. GUPTA ET AL.

Flyvbjerg, B. 2006. “Five Misunderstandings About
Case-Study Research.” Qualitative Inquiry 12 (2): 219-245.

Frondel, M., S. Sommer, and C. Vance. 2019. “Heterogeneity
in German Residential Electricity Consumption: A Quantile
Regression Approach.” Energy Policy 131 (March): 370-379.

Garg, A, P.R. Shukla, J. Maheshwari, and J. Upadhyay. 2014.
“An Assessment of Household Electricity Load Curves and
Corresponding CO2 Marginal Abatement Cost Curves for
Gujarat State, India.” Energy Policy 66 (March): 568-584.
https://doi.org/10.1016/j.enpol.2013.10.068.

Gupta, R, et al. 2019. “Customized Performance Evaluation
Approach for Indian Green Buildings.” Building Research &
Information 47 (1): 56-74.

Gupta, R, et al. 2020. Understanding the Relationship Between
Indoor Environment, Electricity Use and Household Socio-
Demographics: Insights from an Empirical Study in
Hyderabad. Hyderabad, AEEE: Energise 2020.

Hara, K, M. Uwasu, Y. Kishita, and H. Takeda. 2015.
“Determinant Factors of Residential Consumption and
Perception of Energy Conservation: Time-Series Analysis
by Large-Scale Questionnaire in Suita, Japan.” Energy
Policy 87 (December): 240-249. https://doi.org/10.1016/j.
enpol.2015.09.016.

Hu, S., D.Yan, S. Guo, Y. Cui, and Y. Dong. 2017. “A Survey on
Energy Consumption and Energy Usage Behavior of
Households and Residential Building in Urban China.”
Energy & Buildings 148 (2017): 366-378.

Huebner, G. M., I. Hamilton, Z. Chalabi, D. Shipworth, and T.
Oreszczyn. 2015. “Explaining Domestic  Energy
Consumption - The Comparative Contribution of
Building Factors, Socio-Demographics, Behaviours and
Attitudes.” Applied Energy 159 (December): 589-600.
https://doi.org/10.1016/j.apenergy.2015.09.028.

IEA 2018. “Percentage of Households Equipped with AC in
Selected Countries, 2018, IEA, Paris.” Retrieved 13
December, 2020, from https://www.iea.org/data-and-
statistics/charts/percentage-of-households-equiped-with-
ac-in-selected-countries-2018.

IEA. 2019. World Energy Outlook. Paris: IEA. https://www.iea.
org/reports/world-energy-outlook-2019.

IEA 2020. “India 2020."” Retrieved 2/02/2021, from https://
www.iea.org/reports/india-2020.

Indraganti, M. 2010. “Using the Adaptive Model of Thermal
Comfort for Obtaining Indoor Neutral Temperature:
Findings from a Field Study in Hyderabad, India.”
Building & Environment 45 (3): 519-536.

Jaffar, B., T. Oreszczyn, and R. Raslan. 2018.
“Understanding Energy Demand in Kuwaiti Villas:
Findings from a Quantitative Household Survey.”
Energy & Buildings 165 (April): 379-389.

Jaffar, B., T. Oreszczyn, and R. Raslan. 2019. “Empirical and
Modelled Energy Performance in Kuwaiti Villas:
Understanding the Social and Physical Factors That
Influence Energy Use.” Energy & Buildings 188 (April):
252-268. https://doi.org/10.1016/j.enbuild.2019.02.011.

Jain, M., D. Chhabra, J. Mankoff, and A. Singh. 2014. Energy
Usage Attitudes of Urban India (pp. 208-217), Atlantis
Press: ICT for Sustainability 2014. https://doi.org/10.2991/
ict4s-14.2014.25.

Jones, R. V. A. Fuertes, and K. J. Lomas. 2015. “The
Socio-Economic, Dwelling and Appliance Related Factors
Affecting Electricity Consumption in Domestic Buildings.”
Renewable and Sustainable Energy Reviews 43 (March): 901-
917. https://doi.org/10.1016/j.rser.2014.11.084.

Karatasou, S., and M. Santamouris. 2019. “Socio-Economic
Status and Residential Energy Consumption: A Latent
Variable Approach.” Energy & Buildings 198

(September): 100-105. https://doi.org/10.1016/j.
enbuild.2019.06.013.

Kavousian, A., R. Rajagopal, and M. Fischer. 2013.
“Determinants of Residential Electricity Consumption:
Using Smart Meter Data to Examine the Effect of Climate,
Building Characteristics, Appliance Stock, and occupants’
Behavior.” Energy 55 (June): 184-194. https://doi.org/10.
1016/j.energy.2013.03.086.

Kostakis, I. 2020. ““Socio-Demographic Determinants of
Household Electricity Consumption: Evidence from
Greece Using Quantile Regression Analysis.” Current
Research in Environmental Sustainability 1 (January): 23-
30. https://doi.org/10.1016/j.crsust.2020.04.001.

Le, V. T., and A. Pitts. 2019. “A Survey on Electrical Appliance
Use and Energy Consumption in Viethamese Households:
Case Study of Tuy Hoa City.” Energy & Buildings 197 (2019):
229-241.

Mardookhy, M., R. Sawhney, S. Ji, X. Zhu, and W. Zhou. 2014.
“A Study of Energy Efficiency in Residential Buildings in
Knoxville, Tennessee.” Journal of Cleaner Production 85
(December): 241-249. https://doi.org/10.1016/j.jclepro.
2013.09.025.

MHA. 2011. HH-1: Households by the Condition of Census
Houses Occupied by Them. Household Series 22/01/2021.
Retrievedfrom. https://censusindia.gov.in/2011census/
Hlo-series/HHO1.html.

Ministry of Environment Forest & Climate Change. 2019. India
Cooling Action Plan. New Delhi, Ministry of Environment,
Forest & Climate Change. New Delhi: Government of India.

Ministry of Housing & Urban Affairs 2021. “Pradhan Manti
Awas Yojana (Urban).” Retrieved 06December, 2022
from https://pmay-urban.gov.in/uploads/guidelines/
62381c744c188-Updated-guidelines-of-PMAY-U.pdf.

Min, J., Z. Hausfather, and Q. F. Lin. 2010. “A
High-Resolution Statistical Model of Residential Energy
End Use Characteristics for the United States.” Journal
of Industrial Ecology 14 (5): 791-807.

Moezzi, M., and L. Lutzenhiser 2010. “What's Missing in
Theories of the Residential Energy User.” 2010 ACEEE
Summer Study on Energy Efficiency in Buildings, Pacific
Grove, California, USA. 207-221.

MoSPI. 2018. Energy Statistics. New Delhi, Ministry of Statistics
and Programme Implementation, New Delhi: Government
of India, 110.

MoSPI. 2019. Energy Statistics 2019. C. S. Office, 123. New
Delhi.

Ohler, A. M., et al. 2020. “A Study of Electricity Savings from
Energy Star Appliances Using Household Survey Data.”
Energy Policy 144 (February): 111607-111607.

Pachauri, S., and L. Jiang. 2008. “The Household Energy
Transition in India and China.” Energy Policy 36 (11):
4022-4035.

Parikh, K. S., and J. K. Parikh. 2016. “Realizing Potential
Savings of Energy and Emissions from Efficient
Household Appliances in India.” Energy Policy 97
(October): 102-111. https://doi.org/10.1016/j.enpol.2016.
07.005.

Poznaka, L., I. Laicane, D. Blumberga, A. Blumberga, and M.
Rosa. 2015. “Analysis of Electricity User Behavior: Case
Study Based on Results from Extended Household
Survey.” Energy Procedia 72 (June): 79-86. https://doi.org/
10.1016/j.egypro.2015.06.012.

Rawal, R, and Y. Shukla. 2014. “Residential Buildings in India:
Energy Use Projections Savings Potentials.” Global building
performance network (GBPN). technical report. CEPT
University: Ahmedabad. 1-50. https://www.gbpn.org/wp-


https://doi.org/10.1016/j.enpol.2013.10.068
https://doi.org/10.1016/j.enpol.2015.09.016
https://doi.org/10.1016/j.enpol.2015.09.016
https://doi.org/10.1016/j.apenergy.2015.09.028
https://www.iea.org/data-and-statistics/charts/percentage-of-households-equiped-with-ac-in-selected-countries-2018
https://www.iea.org/data-and-statistics/charts/percentage-of-households-equiped-with-ac-in-selected-countries-2018
https://www.iea.org/data-and-statistics/charts/percentage-of-households-equiped-with-ac-in-selected-countries-2018
https://www.iea.org/reports/world-energy-outlook-2019
https://www.iea.org/reports/world-energy-outlook-2019
https://www.iea.org/reports/india-2020
https://www.iea.org/reports/india-2020
https://doi.org/10.1016/j.enbuild.2019.02.011
https://doi.org/10.2991/ict4s-14.2014.25
https://doi.org/10.2991/ict4s-14.2014.25
https://doi.org/10.1016/j.rser.2014.11.084
https://doi.org/10.1016/j.enbuild.2019.06.013
https://doi.org/10.1016/j.enbuild.2019.06.013
https://doi.org/10.1016/j.energy.2013.03.086
https://doi.org/10.1016/j.energy.2013.03.086
https://doi.org/10.1016/j.crsust.2020.04.001
https://doi.org/10.1016/j.jclepro.2013.09.025
https://doi.org/10.1016/j.jclepro.2013.09.025
https://censusindia.gov.in/2011census/Hlo-series/HH01.html
https://censusindia.gov.in/2011census/Hlo-series/HH01.html
https://pmay-urban.gov.in/uploads/guidelines/62381c744c188-Updated-guidelines-of-PMAY-U.pdf
https://pmay-urban.gov.in/uploads/guidelines/62381c744c188-Updated-guidelines-of-PMAY-U.pdf
https://doi.org/10.1016/j.enpol.2016.07.005
https://doi.org/10.1016/j.enpol.2016.07.005
https://doi.org/10.1016/j.egypro.2015.06.012
https://doi.org/10.1016/j.egypro.2015.06.012
https://www.gbpn.org/wp-content/uploads/2021/06/08.-INDIA-Baseline_TR_low-2.pdf

JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING . 909

content/uploads/2021/06/08.-INDIA-Baseline_TR_low-2.
pdf.

Sanquist, T. F. 2012. “Lifestyle Factors in U.S. Residential
Electricity Consumption.” Energy Policy 42 (March): 354-
364. https://doi.org/10.1016/j.enpol.2011.11.092.

Sharma, R., R. Raman, O. Yadav, M. S. Khan, and V. K. Yadav.
2021. “Thermal Comfort and Energy Efficient Design of a
Central Air Conditioning System of an Educational
Institute.” In Recent Trends in Thermal Engineering:
Select Proceedings of ICCEMME 2021 (pp. 143-159).
Singapore: Springer.

Shen, P., and B. Yang. 2020. “Projecting Texas Energy Use
for Residential Sector Under Future Climate and
Urbanization Scenarios: A Bottom-Up Method Based
on Twenty-Year Regional Energy Use Data.” Energy
193 (February): 116694-116694. https://doi.org/10.
1016/j.energy.2019.116694.

Shnapp, S. 2015. Robust Building Data: A Driver for Policy
Development. https://doi.org/10.1007/978-3-658-04355-1_1.

Singh, J, S. S. Mantha, and V. M. Phalle. 2018b.
“Characterizing Domestic Electricity Consumption in the
Indian Urban Household Sector.” Energy & Buildings
170:74-82.

Singh, J., S. S. Mantha, and V. M Phalle. 2018a. “Analysis of
Technical and Economic Electricity Saving Potential in the
Urban Indian Households.” Sustainable Cities and Society
43 (September): 432-442.

Sustainable Energy for All 2020. “Sustainable Energy for All
Annual Report 2020.” Retrieved 20th July, 2021, from
https://www.seforall.org/publications/sustainable-energy-
for-all-annual-report-2020 .

TERI. 2008. ““Energy end use” study for residential electrical
equipments.” The Energy Resources Institute 70.

Tewathia, N. 2014. “Determinants of the Household Electricity
Consumption: A Case Study of Delhi.” International Journal
Energy Economics Policy 4 (3): 337-348.

Thapar, S. 2020. “Energy Consumption Behavior: A
Data-Based Analysis of Urban Indian Households.” Energy
Policy 143 (February): 111571-111571.

Tiwari, P. 2000. “Architectural, Demographic, and Economic
Causes of Electricity Consumption in Bombay.” Journal of
Policy Modeling 22 (1): 81-98.

UCLA. 2020. Introduction to Regression with Spss Lesson 2:
SPSS Regression Diagnostics. California, USA: UCLA.
https://stats.oarc.ucla.edu/spss/seminars/introduction-to-
regression-with-spss/introreg-lesson2/.

Walia, A., et al. 2019. Evaluating Appliance Ownership and
Usage Pattern in India. CLASP & Environmental Design
Solutions: Delhi. https://www.clasp.ngo/research/all/evalu
ating-appliance-ownership-and-usage-patterns-in-india/.

Wiesmann, D., I. L. Azevedo, P. Ferrao, and J. E. Ferndndez.
2011. “Residential Electricity Consumption in Portugal:
Findings from Top-Down and Bottom-Up Models.” Energy
Policy 39 (5): 2772-2779.

Wilson, C., and H. Dowlatabadi. 2007. “Models of Decision
Making and Residential Energy Use.” Annual Review of
Environmental Resources 32 (November): 169-203.
https://doi.org/10.1146/annurev.energy.32.053006.
141137.

The World Bank. 2008. Residential Consumption of Electricity
in India: Documentation of Data and Methodology, 1-73.
Washington, D.C., USA: The International Bank for
Reconstruction and Development.

World Development Indicators 2019. “GDP Ranking, PPP
Based, the World Bank.” Retrieved 22/01/2021, from
https://datacatalog.worldbank.org/dataset/gdp-ranking-
ppp-based.

Xie, L., H. Yan, S. Zhang, and C. Wei. 2020. “Does Urbanization
Increase Residential Energy Use? Evidence from the
Chinese Residential Energy Consumption Survey 2012.”
China  Economic  Review 59  (October 2019):
101374-101374.


https://www.gbpn.org/wp-content/uploads/2021/06/08.-INDIA-Baseline_TR_low-2.pdf
https://www.gbpn.org/wp-content/uploads/2021/06/08.-INDIA-Baseline_TR_low-2.pdf
https://doi.org/10.1016/j.enpol.2011.11.092
https://doi.org/10.1016/j.energy.2019.116694
https://doi.org/10.1016/j.energy.2019.116694
https://doi.org/10.1007/978-3-658-04355-1_1
https://www.seforall.org/publications/sustainable-energy-for-all-annual-report-2020
https://www.seforall.org/publications/sustainable-energy-for-all-annual-report-2020
https://stats.oarc.ucla.edu/spss/seminars/introduction-to-regression-with-spss/introreg-lesson2/
https://stats.oarc.ucla.edu/spss/seminars/introduction-to-regression-with-spss/introreg-lesson2/
https://www.clasp.ngo/research/all/evaluating-appliance-ownership-and-usage-patterns-in-india/
https://www.clasp.ngo/research/all/evaluating-appliance-ownership-and-usage-patterns-in-india/
https://doi.org/10.1146/annurev.energy.32.053006.141137
https://doi.org/10.1146/annurev.energy.32.053006.141137
https://datacatalog.worldbank.org/dataset/gdp-ranking-ppp-based
https://datacatalog.worldbank.org/dataset/gdp-ranking-ppp-based

	Abstract
	1. Introduction
	2. Literature review
	3. Methodology
	3.1. Survey design
	3.2. Sampling
	3.3. Analysis approach

	4. Results
	4.1. Dwelling and occupancy characteristics
	4.2. Variation of electricity use by income group
	4.3. Variation of electricity use by AC use
	4.4. Factors affecting residential electricity use

	5. Discussion
	6. Conclusion
	Acknowledgements
	Disclosure statement
	Funding
	Notes on contributors
	References

