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Abstract: Studies show that people can tolerate elevated temperatures in the presence of appreciable
air movement (e.g., from using ceiling fans). This minimises the use of air-conditioners and extends
their set-point temperature (Tset), resulting in energy savings in space cooling. However, there is
little empirical evidence on the energy savings from using ceiling fans with Room Air-Conditioners
(RACs). To address this gap, we analysed the energy performance of RACs with both fixed-speed
compressors and inverter technology at different set-point temperatures and ceiling fan speed
settings in 15 residential Mixed-Mode Buildings (MMBs) in India. Thermal comfort conditions (as
predicted by the Indian Model for Adaptive Comfort-Residential (IMAC-R)) with minimum energy
consumption were maintained at a set-point temperature (Tset) of 28 and 30 ◦C and a fan speed setting
of one. Compared with a Tset of 24 ◦C, a Tset of 28 and 30 ◦C resulted in energy savings of 44 and 67%,
respectively. With the use of RACs, a configuration with a minimum fan speed was satisfactory for
an optimal use of energy and for maintaining the conditions of thermal comfort. In addition, RACs
with inverter technology used 34–68% less energy than fixed-speed compressors. With the rising
use of RACs, particularly in tropical regions, the study’s outcomes offer a significant potential for
reducing space-cooling energy consumption and the resultant greenhouse gas (GHG) emissions.

Keywords: room air-conditioners; ceiling fans; set-point temperature; thermal comfort; user
behaviour; sensors and monitoring

1. Introduction
1.1. Overview

Since 2000, global energy demand for space cooling has increased by an average of
about 4% per year, resulting in significant greenhouse gas (GHG) emissions [1]. Most
residences and small offices in tropical countries such as India operate as MMBs, i.e., they
operate in a fully air-conditioned mode or with natural ventilation (through operable win-
dows) depending on the weather conditions. They switch between the modes according to
the seasons or even within a day. Typically, natural ventilation through manually opera-
ble windows and the use of ceiling fans for local air movement are popular strategies to
achieve thermal comfort satisfaction [2–4]. India’s climate makes space cooling a significant
electricity end use in buildings [5]. RACs are used for air-conditioning in residences and
their market penetration and usage has been increasing. This also leads to an increase in
energy consumption and GHG emissions, which need to be reduced while ensuring that
people’s aspirations and thermal comfort needs are met. In India, the Minimum Efficiency
Performance Standards (MEPS) for RACs (with compressors of fixed speed and inverter
technology) and ceiling fans are governed by the Bureau of Energy Efficiency (BEE)’s

Energies 2023, 16, 6807. https://doi.org/10.3390/en16196807 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16196807
https://doi.org/10.3390/en16196807
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/https://orcid.org/0000-0002-9512-6268
https://orcid.org/https://orcid.org/0000-0001-5241-035X
https://orcid.org/https://orcid.org/0000-0001-7914-6069
https://orcid.org/https://orcid.org/0000-0001-6276-9278
https://doi.org/10.3390/en16196807
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16196807?type=check_update&version=2


Energies 2023, 16, 6807 2 of 34

Standards and Labellings (S&Ls) programme to increase their energy efficiency [6]. Along-
side such MEPS programmes, optimising their use is essential to minimise space-cooling
energy consumption.

Studies show that people tolerate elevated temperatures in the presence of appreciable
air movement (see Section 1.2), which reduces energy consumption for space-cooling (see
Section 1.3). In India, most buildings with Room Air-Conditioners (RACs) and ceiling fans
operate as Mixed-Mode Buildings (MMBs). RACs are only used when thermal comfort
conditions cannot be maintained through natural ventilation or ceiling fan usage (see
Section 1.4). However, the extent of energy savings through the use of ceiling fans with
RACs in Indian MMBs is unclear (see Section 1.5). Therefore, this study analysed the energy
performance of RACs and ceiling fans in relation to the indoor conditions and thermal
comfort as predicted by the Indian Model for Adaptive Comfort-Residential (IMAC-R) [7])
(see Section 1.6). In addition, RAC usage behaviour and the energy performance of RACs
with inverter technology and fixed-speed compressors were analysed.

1.2. Tolerating Elevated Temperatures with Appreciable Air Speed

In warm and hot climates, the movement of air close to the skin increases the evaporation
of perspiration, reduces heat stress and helps to achieve thermal comfort satisfaction [8–10].
Studies show that occupants are able to tolerate elevated temperatures in the presence of
adequate air velocity [11–13]. In a comprehensive review of fan use in field studies, Ref. [14]
found that fan use increased the average neutral comfort temperature by up to 3 ◦C without
affecting productivity. Ref. [15] observed that the Tropical Summer Index (TSI), a measure
of thermal comfort for Indian subjects based on laboratory experiments, could vary by
up to 3.2 ◦C with an indoor air velocity (vel) of up to 2.5 m/s. In thermal comfort studies
in naturally-ventilated (NV) buildings across climate zones in India [16], observed that
beyond an indoor operative temperature (Top) of 22 ◦C, the mean indoor indoor air velocity
(vel) increased with the mean indoor operative temperature (Top), reaching a maximum of
approximately 2 m/s at a Top of 30 ◦C. Similarly, in naturally-ventilated (NV) buildings
(residential and commercial) in a composite (Composite climate experiences a combination
of warm and humid, warm and dry, monsoon and cold periods.) climate zone in India,
Ref. [17] observed that comfort temperature could be increased by up to 3 ◦C when the
ceiling fans were switched on. In MMBs and NV buildings in a composite climate zone
in India, Ref. [18] found that the indoor operative temperature (Top) for thermal comfort
could be increased from 27 to 31 ◦C when the indoor indoor air velocity (vel) was increased
by up to 1.5 m/s. To maintain thermal comfort conditions, the National Building Code
(NBC) of India recommends an indoor indoor air velocity of up to a maximum of 3.2 m/s
at an indoor operative temperature (Top) of 35 ◦C and relative humidity (RH) of 30% [19].

1.3. Space-Cooling Energy Savings with Fan Usage

As occupants tolerate elevated temperatures when presented with an acceptable air
speed, the resultant energy savings are estimated in two ways.

1. By reducing the duration of RAC usage. That is, occupants are more likely to use
ceiling fans than RACs if thermal comfort can be maintained only with fan usage,
which consumes lesser energy. Based on a study of human thermal comfort in an
environmental chamber [12] found that an increase in the indoor air velocity (vel)
between 0.5 and 1.0 m/s compensated for an increase in the indoor air temperature
(Tin) from 2.8 to 3.3 ◦C and could save 15–18% energy. The energy savings were
calculated by using the estimate from the United States National Bureau of Standards
(USNBS) that a 1 ◦C increase in the set-point temperature (Tset) results in 6% energy
savings. Ref. [14] concluded that ceiling fans could reduce the use of air-conditioning
by 15%. Ref. [20] estimated that space cooling consumption in Australia could be
reduced by 76% by using fans with air speeds up to 1.2 m/s when compared with
using RACs alone, based on the USNBS’s estimate.
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2. By extending the set-point temperature (Tset). This means that the occupants are
more likely to use RACs with an extended set-point temperature (Tset) when they are
presented with an acceptable indoor air velocity (vel). The use of RACs at an extended
set-point temperature saves more energy than the additional energy consumption of
the ceiling fan. In office spaces with RACs in Ghana, Ref. [21] estimated simulated
energy savings from 8 to 33% and from 12 to 44%, respectively, by increasing the
Tset from 21 to 25 ◦C during peak and from 22 to 26 ◦C during low outdoor condi-
tions. Compared to a static set-point temperature, an adaptive set-point temperature
(i.e., Tset based on adaptive thermal comfort models) reduces energy consumption
because an adaptive set-point temperature is usually higher than a static set-point
temperature, which is typically set between 22 and 24 ◦C [22,23]. In a review, Ref. [24]
found that most studies had reported an average energy savings from 6 to 10% per
1 ◦C rise in the set-point temperature (Tset).

1.4. Room Air-Conditioner and Ceiling Fan Usage in India

An analysis of residential electricity load studies conducted in various Indian states
and cities indicated that air-conditioners, which included evaporative air coolers, and
ceiling fans contributed significantly to the summer load [25–27]. Peak load levels were
typically observed between 9:00 and 18:00 during the day and between midnight and 5:00
during the night. An in-depth analysis on the use of residential RACs by Ref. [26] found
that households used RACs for an estimated 200 and 1200 h per year. According to a
household survey conducted in Delhi, a city with a composite climate, Ref. [28] found that
on a typical summer day, 30% of households used RACs for an average of five–six hours
and 14% of households used RACs for more than eight hours. Few studies observe the
energy consumption of RACs under different indoor conditions and in relation to user
behaviour, apart from household electricity consumption surveys and household energy
use studies. In one particular study, Ref. [29] analysed the behaviour of RAC users in
eight residences in Hyderabad, a city with a composite climate. During a 30-day period,
the authors analysed the metered energy consumption (of the residence) and the indoor
conditions, specifically, the indoor air temperature (Tin) and the relative humidity (RH). In
summer, users switched on the RACs at an indoor air temperature (Tin) from 29 to 31.9 ◦C
and an indoor relative humidity (RH) from 36 to 38.9%, and in monsoon, at an indoor
air temperature (Tin) from 26 to 28.9 ◦C and an indoor relative humidity (RH) from 59
to 61.9%.

In nonresidential buildings, in hot and dry climates, Ref. [16] found that fans were used
consistently during the summer and monsoon seasons and were used less frequently in the
winter. Moreover, in hot and humid climates, fans were used year-round. In composite and
warm and humid climate zones, the use rate of fans in mixed-mode offices was observed to
be 68% and 85%, respectively, by [30] when the outdoor daily mean temperature was 29 ◦C.
There are a limited number of published studies on the usage of ceiling fans in residential
MMBs in India, and whether the ceiling fans are simultaneously used with RACs.

1.5. Research Gaps and Motivation

Energy savings from an extended set-point temperature (Tset) are often calculated by
applying the USNBS’s estimate to findings from studies on thermal comfort and simulated
energy savings. Only a few studies have presented monitored energy savings. Empirical
studies on the energy consumption of RACs and ceiling fans at different set-point tempera-
tures (Tset) and fan speed settings (FSSs) in relation to thermal comfort conditions and user
behaviour are lacking. Therefore, the present study aims to fill this gap by conducting an
empirical investigation on Indian buildings as an illustration. In particular, some research
gaps are listed below.
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1. The usage of RACs with ceiling fans, especially at high fan speed settings, may
increase the convective heat transfer from the interiors. It is unclear whether the static
or dynamic values for indoor-surface heat transfer coefficient hi assumed in simulated
studies sufficiently represent the actual values [31]. Furthermore, heat dissipation
may occur from fan motors. These factors can lead to an increase in the indoor air
temperature (Tin). This increases the space cooling load and reduces the expected
energy savings due to ceiling fan usage. A pilot study has provisionally shown that
the use of ceiling fans with RACs could increase the indoor operative temperature
(Top) in Indian buildings [32].

2. The relationship between the set-point temperature (Tset), indoor conditions and
RAC energy consumption in Indian Mixed-Mode Buildings (MMBs) is unclear. The
Bureau of Energy Efficiency (BEE) estimates that rising the set-point temperature
(Tset) in offices from a typical temperature of 20 ◦C to 24 ◦C will result in 23 billion
units of electricity nationally by 2030. This is by applying the USNBS’s estimate
[33]. However, studies show that an adaptive set-point temperature is sufficient to
achieve comfortable indoor conditions as predicted by the Indian Model for Adaptive
Comfort (IMAC) model and results in significant energy savings [34]. Moreover, as
most people already prefer a Tset of 24–26 ◦C, as shown in a residential RAC survey
by [28], the energy savings estimated by the BEE may be simplistic and unrealistic.

3. Most thermal comfort studies from India on the ability to tolerate elevated air temper-
atures in the presence of air velocity were conducted in naturally-ventilated buildings.
Where RACs are available, it is uncertain whether the occupants actually tolerate the
elevated air temperatures predicted by the thermal comfort studies prior to switching
on the RACs. For example, people who can tolerate an indoor operative temperature
(Top) of 32 ◦C may tend to switch on the RACs at a Top of 30 ◦C if the RACs are
available. Without a corresponding increase in the set-point temperature (Tset) (i.e.,
extended Tset), the use of ceiling fans results in additional energy consumption [35].

1.6. Objectives of the Study

This study empirically evaluated the impact of the simultaneous use of ceiling fans
and Room Air-Conditioners (RACs) on space-cooling energy consumption and indoor
thermal comfort conditions in Indian MMBs. We analysed the energy consumption of
RACs and ceiling fans at various set-point temperatures (Tset) and fan speed settings fan
speed settings (FSSs), respectively, in relation to the IMAC-R adaptive thermal comfort
model. Specifically, the study sought answers to the following questions.

1. What is the extent of energy savings when ceiling fans are used with Room Air-
Conditioners (RACs)?

2. What is the extent of energy savings due to an extended set-point temperature (Tset)?

2. Materials and Methods
2.1. Location of the Study

The study was conducted in the bedrooms of 15 residential buildings in two Indian
cities, Visakhapatnam and Hyderabad, with warm and humid and composite climates,
respectively [19]. See Figure 1 for a representative image; some more pictures of the build-
ings and rooms are shown in Appendix B. All houses were constructed with a Reinforced
Cement Concrete (RCC) framed structure with burnt brick masonry walls and an RCC
roof. Typically, walls were constructed with 230 mm burnt brick masonry plastered on
both sides with 12 mm cement plaster. In our samples, H1, H2 and H3, fly ash bricks
were used. The U–value of walls ranged approximately from 1.8 to 3 W/m2K. Roofs
were constructed with 150 mm RCC plastered on both sides with cement plaster, with
a U–value of 3 W/m2K, approximately. Most of the new buildings had 12 mm plaster-
board false ceilings, 150 mm from the ceiling. All houses had single-glazed windows with
wooden, Unplasticised Polyvinyl Chloride (UPVC), or aluminium frames, with a U–value
of approximately 5–5.5 W/m2K.
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Figure 1. Representative image of a typical room.

Each bedroom had an RAC and a ceiling fan. In total, there were eight popular brands
of RACs and four popular brands of ceiling fans. The cooling capacities of the RACs were
around 3350 W (usually marketed as 1 tonne of refrigerant (TR) RACs) and around 5440 W
(1.5 TR). The ceiling fans had a diameter of 1200 mm, a rated power input of approximately
75 W, an air flow of between 210 and 240 m3/min (between 310 and 390 rotations per
minute (RPM)) at full speed. There were superefficient ceiling fans with a rated power input
of 28 W in two samples. Table 1 shows the physical characteristics of the bedrooms (floor
area, floor-to-ceiling height and Window-to-Wall (area) Ratio (WWR)), specifications of
the RACs (efficiency according to the Energy Efficiency Ratio (EER) or the Indian Seasonal
Energy Efficiency Ratio (ISEER) (The EER gives the ratio of the cooling capacity (kW) of the
RAC to its electrical power input (kW); “ISEER means the ratio of the total annual amount
of heat that the equipment (kWh) may remove from the indoor air when operated for
cooling in active mode to the total annual amount of energy consumed by the equipment
(kWh) during the same period”; definitions and testing conditions for the EER and ISEER
are given in the Gazette Notification by the [6]. The EER was replaced by the ISEER after
1 January 2018, capacity at full load (100%) and half load (50%), their star rating according
to the S&L programme of the BEE and the labelling period, the furniture in the room and
occupancy pattern.

Table 1. Room and RAC characteristics.

Sample
ID (Age) RAC Efficiency

RAC Cooling
Capacity
(100%/50%) (W)

RAC Rated
Power
(100%/50%) (W)

BEE Star
Rating (Star
Rating
Label Period)

Floor Area
(m2)/Height to
the Ceiling (m)

WWR d Furniture

V1 a (20) 2.63 5275 1850 - 11.6/3 0.46

Double bed
with mattress,
inbuilt
cupboard and
medium sized
wooden
storage box



Energies 2023, 16, 6807 6 of 34

Table 1. Cont.

Sample
ID (Age) RAC Efficiency

RAC Cooling
Capacity
(100%/50%) (W)

RAC Rated
Power
(100%/50%) (W)

BEE Star
Rating (Star
Rating Label
Period)

Floor Area
(m2)/Height to
the Ceiling (m)

WWR d Furniture

V2 a (30) 2.78 5275 1835 - 13.1/2.94 0.34

Double bed and
a single bed
with mattresses,
42-inch CRT
television,
stainless-steel
cupboard,
wooden
dressing table
and cabinet

V3 a (2) 4.51 b 5200/2600 1445/538 c 5 (2018–2019) 27.8/2.66 0.32

Hollow-iron-
frame single cot,
three plastic
chairs, one
heavy dining
table with
four chairs

V4 a (2) 4.6 b 5100/2550 1440 c 5 (2018–2019) 11.3/2.55 0.35

Double bed
with mattress,
one dressing
table, a small
wooden stool
and built-in
cupboard

V5 a (2) 3.64 5440 1495 5 (2014–2015) 17.3/2.8 0.33

Double bed
with heavy
mattress, two
wooden tables,
one steel
cupboard and a
working chair

V6 a (35) 3.15 5000 1587 3 (2014–2015) 11.5/2.85 0.45

Double bed
with mattress
and one
dressing table,
built-
in cupboard

V7 a (25) 2.98 5300 1780 4 14.7/2.65 0.37

Double bed
with mattress
and a steel
cupboard

V8 a (40) 3.86 b 3450/1725 1100 c 3 (2015–2017) 11.4/2.75 0.58

Hollow-iron-
frame single cot,
three plastic
chairs, inbuilt
cupboard
without shutters
with books and
a small cabinet
with books

H1 (4) 4.2 b 5100/2500 940.5 c 4 (2018–2020) 12.3/3 0.5

Double bed
with mattress
and inbuilt cup-
board

H2 (6) 3.05 3450 1130 3 11.8/2.9 0.5

Double bed
with mattress
and inbuilt cup-
board

H3 (6) 3.14 3351 1058 3 (2016–2017) 8.9/2.8 0.21

Double bed and
a single cot with
mattress and in-
built cupboard
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Table 1. Cont.

Sample ID
(Age) RAC Efficiency

RAC Cooling
Capacity
(100%/50%) (W)

RAC Rated
Power
(100%/50%) (W)

BEE Star
Rating (Star
Rating Label
Period)

Floor Area
(m2)/Height to
the Ceiling (m)

WWR d Furniture

H4 (15) 3.99 b 5280/2640 1650 c 3 (2018–2021) 12.8/2.6 0.33

Double bed
mattress, inbuilt
cupboard
computer table
and chair

H5 a (1) 3.51b 5300 1510 3 (2018) 10.5/2.73 0.42

Single cot with
mattress,
treadmill, two
wooden stools
and
some storage

H6 (10) - 3400/1700 1240 c 3 (2018–2019) 9/2.9 0.42

Double bed
mattress, inbuilt
cupboard
computer table
and chair

H7 (15) 3.25 5200 1605 3 (2014–2015) 16.8/2.9 0.31

Double bed
mattress, inbuilt
cupboard
computer table,
chair and a
punching bag

a Top floor, b ISEER or EER, c RAC with inverter technology, d WWR.

2.2. Procedure of the Study

Most studies evaluate the energy savings of an extended set-point temperature (Tset) by
extrapolating the results of thermal comfort studies or simulation studies [24], as explained
in Sections 1.3 and 1.5. As there are few empirical studies on this subject, this study
developed a novel approach to assess the effect of set-point temperature (Tset) and fan
speed settings (FSSs) on indoor conditions in real buildings. The study was conducted in
Visakhapatnam from 25 April to 8 May 2022 and in Hyderabad from 12 to 28 May 2022. It
consisted of two parts.

1. An experiment, primarily to analyse the indoor conditions and energy consumption
due to changes in the set-point temperature (Tset) and fan speed settings (FSSs).

2. An analysis of RAC user behaviour (limited to switching the RAC on and off) in
relation to the indoor conditions.

2.2.1. Experiment

In each building, the study was conducted for 12 days. On each day, RACs were
continuously run for five hours between 10:00:00 and 14:59:00 at a specified Tset. On the
first day, the Tset was 20 ◦C. On the second day, the Tset was increased by 2 ◦C to 22 ◦C.
In this way, Tset was increased until it reached 30 ◦C on day six. For the next six days
(i.e., from days 7 to 12), the same set of Tset was again repeated, except for minor differences
in the order (see Table 2). This was done to mitigate the effect of unusual weather patterns
on any given day, e.g., a particularly cloudy or rainy day.

Furthermore, each day, the ceiling fan speed setting was changed at every half hour,
as shown in Table 3. During the experiment, most of the rooms were unoccupied, with
the exception of V5 and H4, which were intermittently occupied by an adult and where a
desktop computer was in use (see Table 1). Textile curtains were drawn over the windows
and the doors were kept closed to maintain the typical conditions when people use RACs.
For the analysis, data in Visakhapatnam and Hyderabad were considered from 10:30:00 to
14:59:00 and 10:00:00 to 14:29:00, respectively, to facilitate a comparison in both cities for
the same set-point temperature (Tset), fan speed settings (FSSs) and duration.
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Table 2. Tset and days considered for the analysis.

Date Sample ID (Visakhapatnam) Date Sample ID (Hyderabad)

V1 V2 V3 V4 V5 V6 V7 V8 H1 H2 H3 H4 H5 H6 H7

Tset Tset

25–04 20 20 20 20 20 12–05 20 20
26–04 22 22 22 22 20 20 20 13–05 22 22 20
27–04 24 20 24 24 24 22 22 22 14–05 22 24 24 22 a 20 20 a

28–04 26 a 22 26 26 26 24 24 24 15–05 24 26 26 24 22 20 a 22 a

29–04 28 a 24 28 28 28 26 26 26 16–05 26 28 28 26 24 22 24 a

30–04 30 26 a 30 30 30 28 28 28 17–05 28 30 30 28 26 24 26
01–05 20 a 28 20 a 20 a 20 30 a 26 a 30 b 18–05 30 28 20 30 28 26 28
02–05 22 a 22 22 22 22 22 a 20 a 20 19–05 20 22 22 a 20 30 28 30
03–05 24 24 24 24 24 24 22 22 20–05 22 24 a 24 22 20 30 20
04–05 26 26 26 26 26 26 a 24 24 21–05 24 20 26 24 22 20 22
05–05 28 28 28 28 28 28 26 26 22–05 26 22 28 26 24 22 24
06–05 30 a 30 30 30 30 30 a 28 28 b 23–05 28 24 30 28 26 24 26
07–05 20 a 30 30 b 24–05 30 26 30 28 26 28
08–05 20 25–05 28 30 28 30

26–05 30 30 20
27–05 20 22
28–05 20

a Not considered for the analysis due to power outages and missing data for more than half an hour; b comfort
module data for the day were not considered for the analysis due to missing data.

Table 3. Ceiling fan speed settings on each day during the study period.

Time Ceiling Fan Speed Setting

Visakhapatnam Hyderabad

10:00:00–10:29:59 5 a 5
10:30:00–10:59:59 5 4
11:00:00–11:29:59 4 3
11:30:00–11:59:59 3 2
12:00:00–12:29:59 2 1
12:30:00–12:59:59 1 2
13:00:00–13:29:59 2 3
13:30:00–13:59:59 3 4
14:00:00–14:29:59 4 5
14:30:00–14:59:59 5 5 a

a Duration not considered for the analysis to facilitate a comparison of energy consumption at various fan speed
settings for the same duration.

2.2.2. RAC User Behaviour Analysis

In six of the samples (V2, V5, V6, V7, H4 and H7), the rooms were occupied outside the
experimental periods, mostly during the night for sleeping and sometimes in the evening.
The activity level was mostly sedentary. The indoor conditions (Tin and RH) were analysed
to observe the switch-on and switch-off behaviour of the RACs. The age, gender and
number of occupants in the six samples were: V2—a male of 62 years and a female of
60 years; V5—a male of 22 years; V6—a female of 75 years; V7—a male of 70 years; H4—a
male of 25 years; a male of 55 years. The insulation of the occupants’ clothing was not
known, although blankets are usually used for sleeping, especially when RACs are used.

2.3. Instruments, Measurements and Data Collection
2.3.1. Instruments

We assembled eight sets of custom-built monitoring instruments to take continuous
measurements during the study. Each set consisted of three modules as listed below. Each
module had appropriate sensors/components connected to a Wemos D1 mini pro board
based on the ESP-8266EX microchip, which is an Arduino-based Wi-Fi microcontroller
board with 4 MB of flash memory [36].
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1. A comfort module was used to record the indoor conditions, i.e., indoor air tempera-
ture (Tin), globe temperature (Tg) and relative humidity (RH). The comfort module
was carefully placed to avoid any proximate heat sources (e.g., windows) or heat sinks
(e.g., RAC), and a near uniform, well-mixed temperature across the room could be
assumed when ceiling fans were used, as observed in [11,37].

2. An energy module was placed between the main supply and the RACs and recorded the
values of the power (P), voltage (V), current (I) and power factor (PF) (PF is the ratio of
working power (kW) to apparent power (kVA); a high power factor means a high degree
of efficiency)) from the RACs.

3. An Infrared (IR) emitter module automatically switched the RACs on and off at the
required Tset as shown in Table 2. It also changed the fan speed setting every day as
shown in Table 3. All ceiling fans had wall-mounted speed controllers, except two
superefficient ceiling fans with IR remote controllers. For ceiling fans without remote
controllers, an USHA IR fan speed setting controller receiving unit was fixed under
the fan canopy to enable remote control via the IR emitter module.

In some samples, one-off measurements of the indoor air velocity (vel) using a hot-wire
anemometer (with a resolution of one second) and the ceiling fan power consumption
using a clamp-on multimeter at various fan speeds were taken (see Table 4). Appendix A
shows the details of the various components and sensors used in the custom-built modules
(including their libraries) and other instruments used in the study.

Table 4. Ceiling fan current usage.

Fan Speed
Setting (FSS)

Fan Current
According to

Wall-Mounted
Step

Regulator (amp)

Fan Current
According to

USHA IR
Remote

Regulator (amp)

Average Fan
Current

According to
USHA IR
Remote

Controller (amp)

Sample ID Sample ID

V1 V5 V1 V4 V5

1 0.106 0.129 0.197 0.256 0.251 0.234
2 0.182 0.166 0.234 0.315 0.292 0.280
3 0.210 0.231 0.253 0.35 0.318 0.307
4 0.259 0.340 0.259 0.368 0.331 0.319
5 0.345 0.259 0.378 0.345 0.327

2.3.2. Measurements

Measurements from the prototype of the comfort and energy modules were compared
with calibrated instruments and they were found to be reliable, as explained in [32,38].
It should be noted that although studies used a small plastic sphere of 40 mm diameter
for the measurement of globe temperature (Tg) [39,40], as was done in this study, there
are still limitations to the measurement of the mean radiant temperature (Tmrt) based on
the globe temperature (Tg) (e.g., according to the ISO 7726 Standard [41]), obtained from
such devices [42,43]. Nevertheless, the inclusion of small spherical thermometers served
as a supplementary assessment of the indoor air temperature (Tin) for large deviations. It
could be considered as a proof of concept for a cost-effective comfort module if appropriate
correlations are developed for the use of small globe thermometers. All measurements
in the comfort and energy modules were recorded at 10-second intervals, except Tin and
RH, which were recorded at two-second intervals. The power consumption was measured
when controlling the fan speed setting (FSS) with the wall-mounted step controller in two
samples (V1 and V5) and with the USHA IR remote control in three samples (V1, V4 and
V5) (see Table 4). The power consumption of all ceiling fans could not be measured due
to accessibility problems. In 11 samples, the indoor air velocity (vel) was measured at
different fan speed settings in the jet core zone of the fan (jet core zone as described in [44])
at a height of 800–900 mm from the floor level and approximately 400 mm from the bed
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surface. During the measurement of the indoor air velocity, each fan speed setting was
maintained for five minutes and the RACs were switched on to account for the influence of
the RAC fans.

2.3.3. Data Collection

The measurements were recorded on the on-board micro-SD card in the modules
and the data were also sent to a remote mySQL server [45], where Wi-Fi was available.
The Internet of Things (IoT) communication between the modules and a remote MySQL
database was made by using a Hypertext Transfer Protocol (HTTP) POST request to a
Hypertext Preprocessor (PHP) script to insert data (sensor readings) into a MySQL database,
using the code and method described by [46].

2.4. Data Cleaning

Data from the comfort and energy modules were plotted for each day, visually checked
and extensively analysed. In general, the data were recorded consistently. However, three
problems were identified during the data analysis.

1. Occasional missing data and stray RAC compressor cycles. If the duration of such
missing data was less than 10 min, the data were linearly interpolated between the
timestamps with the available data.

2. Missing records due to load shedding or power outages. If the duration of missing
data was greater than 10 min, the data were not included in the analysis.

3. In the case of samples V1, H2 and H3, all records of the comfort module were missing
due to a damaged Real Time Clock (RTC) module or a faulty connection between
the sensor and the board. However, their energy module data were included in the
analysis. The indoor air temperature and relative humidity were missing in sample
V6, and therefore, only its globe temperature was considered for the analysis as a
substitute for the indoor air temperature.

After parsing, data for 720 h were considered for the analysis of the experiment.
Table 2 shows the set-point temperature (Tset) on different days of the study. Days with
missing data were removed from analysis. The Python programming language was used
for the data analysis and plotting, including the packages Pandas [47], SciPy [48] and
statsmodels [49] for the data analysis, and packages Matplotlib [50] and Seaborn [51]
for plotting.

3. Results
3.1. Outdoor Conditions

Figures 2 and 3 show the outdoor weather data between April and June in Visakhap-
atnam and Hyderabad, respectively. Weather data in Typical Meteorological Year (TMY)
format (an EnergyPlus Weather Format (EPW) file) and the average of 10-year historical
weather data and the actual weather data during the study period, i.e., outdoor air tem-
perature (Tout) and relative humidity (RH), are shown. In Visakhapatnam, the extreme
summer period was from 17 to 23 May, which began about a week after the study period;
the weather during the study period was closer to 10-year average than the TMY data. In
Hyderabad, the extreme summer period was from 21 to 27 May, which coincided with the
study period; The outdoor air temperature was lower and relative humidity was higher
compared with both TMY data and 10-year average weather.

3.2. Indoor Conditions
3.2.1. Temperature

Figure 4 shows a box plot of the indoor air temperature (Tin) across all samples at
different set-point temperatures (Tset) and fan speed settings (FSSs). The box plot shows
the maximum, minimum, median and lower and upper quartiles. The mean indoor air
temperature, the timestamp corresponding to the fan speed settings, outdoor air tem-
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perature (Tout) and thermal comfort bands according to the Indian Model for Adaptive
Comfort-Residential (IMAC-R) are also shown. The indoor air temperature stabilised after
fan speed setting 3D, which is nearly one and a half hour into the experiment. The mean
indoor air temperature was mostly below the neutral operative temperature (Tneu), except
at fan speed setting 5D (representing the first 30 min of the study in Hyderabad and 60 min
in Visakhapatnam).
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Figure 2. Outdoor weather in Visakhapatnam. Grey area indicates duration of study.
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Figure 3. Outdoor weather in Hyderabad. Grey area indicates duration of study.
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A Tset between 20 and 24 ◦C, the indoor air temperature (Tin) was below the lower
comfort limit where 80% of the people are satisfied (lower 80% limit) as predicted by the
Indian Model for Adaptive Comfort-Residential. That is, at these set-point temperatures,
the indoor air temperature was too cold for the occupants. A Tset between 20 and 26 ◦C, and
at most fan speed settings, the RACs were not able to maintain the set-point temperature,
and the mean indoor air temperature was usually higher than the set-point temperature. At
a Tset of 26 ◦C, the mean indoor air temperature was between neutral operative temperature
and the lower 80% limit, which met the lower comfort threshold according to the Indian
Model for Adaptive Comfort-Residential. At a Tset of 28 and 30 ◦C, the mean indoor air
temperature was between neutral operative temperature and the lower comfort limit where
90% of the people are satisfied (lower 90% limit), which met the higher comfort threshold
according to the Indian Model for Adaptive Comfort-Residential. The difference between
the mean indoor air temperature and globe temperature was less than 0.5 ◦C. Therefore,
for the sake of simplicity, as explained in Section 2.3.2, the indoor air temperature was used
as a proxy for the indoor operative temperature (Top) in this study.
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Figure 4. Indoor air temperature across the samples during the study.

As discussed in the analysis of the research gap (see Section 1.5), the study investigated
whether the indoor air temperature (Tin) increases with the indoor air velocity (vel). To
achieve this, across all samples, we compared the temperature difference between the mean
indoor air temperature (Tin) at different fan speed settings and at fan speed setting 1, which
was the minimum fan speed setting. This temperature difference is represented by Tdi f f _1
and can be observed in Figure 5 as a bar plot. The bar height reflects the mean value,
with error bars denoting the corresponding 95% confidence interval. In particular, this
difference (Tdi f f _1) seemed to decrease between fan speeds 5D and 2D. However, this may
not only be due to a decrease in the fan speed setting but also due to an increase in the RAC
runtime. Between fan speed settings 2A and 5A, a noticeable increase in this difference
(Tdi f f _1) was observed, implying that the indoor air temperature (Tin) increased with the
indoor air velocity (vel). The increase was particularly significant at low values of set-point
temperature (e.g., at a Tset of 20 and 22 ◦C), for fan speed settings 4A and 5A, as well as
for samples on the top floor. This temperature difference, Tdi f f _1, is further discussed in
Section 3.3.3 in relation to the corresponding energy difference and in Section 4.2 in relation
to the total energy consumption, for a better understanding.
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Figure 5. Difference between mean indoor air temperature at various fan speed settings and fan
speed 1.

3.2.2. Relative Humidity

Figure 6 shows the box plot and mean values of the indoor relative humidity (RH)
across all samples at different set-point temperatures (Tset) and fan speed settings (FSSs).
The timestamp corresponding to the fan speed settings and the outdoor relative humidity
are also shown. At a Tset between 20 and 26 ◦C, the mean relative humidity (RH) did not
appear to change by more than 5%. However, beyond a Tset of 26 ◦C, the mean relative
humidity (RH) increased with set-point temperature (Tset). This suggests that at low set-
point temperatures, the latent load on the RACs was high as they reduced the relative
humidity in the room. Fan speed settings did not appear to affect the relative humidity.
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Figure 6. Indoor relative humidity across samples during the study.
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3.2.3. Ceiling Fan Speed Setting and Air Velocity

Indoor air velocity (vel) across all samples at various fan speed settings (FSSs) on the
USHA IR regulator was measured in 11 samples as shown in Figure 7 with the help of a box
plot, and the corresponding mean values. A separation between the top and middle floors
is presented. Coincidentally, the mean indoor air velocity in middle floors was slightly less
than that of the top floors.
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Figure 7. Air velocity in the jet core directly below the ceiling fan on top and middle floors (m/s).
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3.3. Energy Consumption
3.3.1. RAC Power Usage

Figure 8 shows the typical power consumption of an RAC with inverter technology
at various set-point temperatures (Tset). Outdoor air temperature (Tout) and indoor air
temperature (Tin) are also shown. At a Tset of 20 ◦C, the RAC operated continuously at more
than 100% (full-load condition) of its rated power (940 W). At a Tset of 22 ◦C, it operated
continuously at almost 60% (part-load condition) of its rated power. At all other set-point
temperatures, it operated at close to 60% of its rated power and cycled frequently (i.e., the
compressor would stop and start) depending on the load conditions.
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Figure 8. Power consumption of RAC with inverter technology.

Figure 9 shows the typical power usage of an RAC with a fixed-speed compressor. At
all set-point temperatures, the RAC operated continuously above the rated power (1605 W),
except at a Tset of 28 and 30 ◦C, where it cycled frequently.
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Figure 9. Power consumption of an RAC with a fixed-speed compressor.
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The power consumption of all RACs at different set-point temperatures (Tset) is shown
in 15 bins in Figure 10. The colour gradient represents the amount of time (in minutes) in
each bin. In general, at low set-point temperatures, e.g., at a Tset of 20, 22 and 24 ◦C, most
RACs operated at 100% of their rated power or more in a few samples. Beyond a Tset of
24 ◦C, the RACs with inverter technology operated at part loads, reaching their minimum
part loads at 28 and 30 ◦C, where they cycled frequently, indicated by an increase in the
amount of time near zero power. Most RACs with fixed-speed compressors operated at
full load up to a Tset of 26 ◦C, at which point they started to cycle.
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Figure 10. Power consumption of the RACs at various values of set-point temperature (Tset).

3.3.2. Ceiling Fan Power Usage

The current consumption of the step regulator and the USHA IR remote control
increased approximately linearly and nonlinearly, respectively, with the fan speed settings
(FSSs) (see Table 4). At high fan speed settings, there was a significant difference in power
consumption between the step controller and the USHA IR remote control due to the
differences between their regulator/dimmer circuits. Most fans had similar specifications
and consumed little power compared with the RACs. Therefore, the fan power in all
samples was calculated as follows: first, in the three samples V1, V4 and V5, the power
consumption at different fan speed settings was obtained by multiplying the voltage and
current consumption according to the USHA IR remote control; second, the average power
consumption from these three samples was multiplied by a power factor of 0.8. This value
was then used as the power consumption of the ceiling fan for all samples.

3.3.3. Total Energy Consumption

The energy consumption of the RAC was used for the analysis. The energy consump-
tion per floor area was not considered because the cooling capacities and rated powers
of all the RACs were different, as shown in Table 1. The bar plot of the total energy con-
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sumption of the RACs and ceiling fans over all days, samples and at different fan speed
settings (FSSs) and set-point temperatures (Tset) is shown in Figure 11A. The total energy
consumption increased with the fan speed setting (FSS) and decreased with the set-point
temperature (Tset). Moreover, set-point temperature had a higher impact on the total energy
consumption than the fan speed setting (see Figure 11B). However, the contribution of
the ceiling fan to the total energy consumption increased at a Tset of 28 and 30 ◦C. To
analyse the effect of the fan speed setting on the total energy consumption, the difference
between the total energy consumption at different fan speed settings and at fan speed
setting 1, given by Edi f f _1, was analysed (see Figure 11C, D for the top and middle floors,
respectively). This difference (Edi f f _1) appeared to increase with the fan speed setting. This
was particularly significant at high values of the set-point temperature (e.g., at a Tset 28
and 30 ◦C), at high fan speed settings and in samples with a roof (top floor). For better
understanding of its significance, this energy difference, Edi f f _1, is further discussed in
relation to the corresponding temperature difference, Tdi f f _1, in Section 4.2.
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Figure 11. Effect of ceiling fan speed on energy consumption.(A) Total energy consumption at various
fan speed settings; (B) Fraction of ceiling fan in total energy consumption at various fan speed settings;
(C) Difference between total energy consumption at various fan speed settings and fan speed setting
in the top floors (D) Difference between total energy consumption at various fan speed settings and
fan speed setting in the middle floors
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3.3.4. Energy Saving due to Extended Set-Point Temperature

Energy savings in RACs at all fan speed settings (FSSs) resulting from set-point tem-
peratures (Tset) were compared against two baseline scenarios. The first scenario considered
a Tset of 20 ◦C as the baseline (see Figure 12 (left)), and the second scenario considered the
previous Tset as the baseline (see Figure 12 (right)). Both scenarios are illustrated as bar
plots with a 95% confidence interval. For both scenarios, energy savings are displayed,
measured and adjusted for weather conditions. A polynomial relationship exists between
energy savings and the set-point temperature (Tset). In the scenario with a baseline Tset of
20 ◦C, the measured energy savings were statistically significant (p(βb0, βb1, βb2) < 0.05,
R2 = 0.752, adjusted R2 = 0.746). In general, the measured energy savings were slightly
higher than the weather-normalised energy savings. The weather normalised RAC energy
consumption (Enorm) was calculated as follows:

Enorm =
Emeas

CDDact_set
CDD10avg_set (1)

where
Emeas = measured RAC energy consumption (kWh);
CDDact_set = cooling degree days with set-point temperature as base temperature during
the study period (−);
CDD10avg_set = cooling degree days with set-point temperature as base temperature accord-
ing to 10-year average weather data (−).
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Figure 12. Effect of set-point temperature (Tset) on RAC energy savings—A.

The average energy savings per 1 ◦C increase in the set-point temperature (Tset) were
highly sensitive to the baseline. For example, compared with the baseline Tset of 22 ◦C, the
means of the measured energy savings at a Tset of 24, 26, 28 and 30 ◦C were 7%, 26%, 48%
and 69%, respectively (see Figure A9). Similarly, compared with a baseline Tset of 24 ◦C,
the means of the measured energy savings at a Tset of 26, 28 and 30 ◦C were 21%, 44% and
67%, respectively.
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3.3.5. Variation in RAC Energy Consumption due to Its Efficiency and Technology and
Room Size and Construction

As the room size, construction and specifications of the RACs, i.e., their capacity,
efficiency and technology, varied, Figure 13 (right) shows the bar plot (with 95% confidence
intervals) of the RAC energy consumption in all samples at various set-point temperatures
Tset. The RAC efficiency in EER or ISEER is shown on the bottom horizontal axis. The
sample ID, RAC cooling capacity and its type are shown on the upper horizontal axis. In
general, the energy consumption decreased with an increase in the RAC efficiency, and
a significant difference was observed above an efficiency of 3.64. Although the RAC in
sample V3 was highly efficient with an ISEER of 4.51 and with inverter technology, the
floor area was much higher compared with the other samples, and therefore, it had a high
energy consumption. The energy consumption in samples with a RAC capacity of 1TR (V8,
H2, H3 and H5) was lower than that of samples with a RAC capacity of 1.5 TR. Sample
V8 was an exceptionally old leaky building with brickwork. Even with a low-capacity and
high-efficiency RAC with inverter technology, its energy consumption was similar between
a Tset of 20 and 24 ◦C. The histogram (see Figure 13 (left)) shows that in general, the energy
consumption at a Tset of 28 and 30 ◦C was low across most samples.
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Figure 13. Effect of the RAC energy efficiency on energy consumption. *RAC with inverter technology;
otherwise with fixed-speed compressor

Compressor technology had a significant impact on energy consumption. Depending
on the set-point temperature (Tset), RACs with inverter technology were found to consume
approximately 34–68% less energy than RACs with fixed-speed compressors, as depicted in
Figure 14 (left). The maximum difference between their energy consumption was 68% at a
Tset of 30 ◦C, although the difference in absolute terms was small. The mean Power Factor
of the RACs with inverter technology was lower compared with that of the fixed-speed



Energies 2023, 16, 6807 20 of 34

RACs. Furthermore, the Power Factor in both categories declined with an increase in the
set-point temperature (Tset) (see Figure 14, right).

3.4. RAC User Behaviour

A total of 167 instances of switching the RACs on and off were accurately identified,
with 82 instances of switch-on and 85 instances of switch-off recorded. These instances were
correlated with the indoor conditions, indoor air temperature and relative humidity. The
Shapiro–Wilk test, which assesses if a variable follows a normal distribution in a specific
population, indicated that the instantaneous indoor air temperature (Tin) for the switch-on
and switch-off of the RACs were normally distributed. However, this was not observed
for the indoor relative humidity (RH). Furthermore, an independent T-test showed that
the indoor air temperature (t(19.4), p < 0.0001) and relative humidity RH (t(2.4), p < 0.05)
that switched the RACs on and off were significantly different and not random. The mean
Tin at which the RACs were switched on and off was 31.9 ◦C (SD = 1.1) and 27.2 ◦C
(SD = 1.8), respectively. The mean RH at which the RACs were switched on and off was
52.6% (SD = 26.1) and 43.2% (SD = 22.8), respectively. The difference between the mean
Tin and RH at which the RACs were switched on and off, given by Ton_o f f and RHon_o f f ,
was 4.7 ◦C and 9.4%, respectively.
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Figure 14. Effect of inverter technology on RAC energy consumption and power factor.

Figure 15 (right) shows the box plot of the instantaneous indoor air temperature (Tin)
and relative humidity (RH) at which the RACs were switched on and off, and the thermal
comfort bands according to the IMAC-R. In most cases, the RACs were switched on when
the mean indoor air temperature was between the neutral operative temperature (Tneu) and
upper 90% limit, with the exception of sample V7. The occupants in sample V7 seemed to
tolerate a higher temperature than others before switching the RAC on and off. Most of the
time, the RACs were switched off when the mean indoor air temperature was between the
lower 90% and 80% limits. The occupants in Visakhapatnam (V2, V5 and V7), which has a
warm and humid climate, appeared to tolerate higher relative humidity than the occupants
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in Hyderabad, which has a composite climate (H4 and H7), before turning on the RACs
(see Figure 15 (left)). Except for sample H4, the mean relative humidity was always higher
when the RACs were on than they were off.
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Figure 15. RAC on and off behaviour.

4. Discussion
4.1. Limits for Tolerating Elevated Temperatures with Air Speed

In Indian Mixed-Mode Buildings (MMBs), ceiling fans are used first to mitigate thermal
discomfort. Room Air-Conditioners (RACs) are used when ceiling fans alone, even at
the highest fan speed settings, are not sufficient to maintain thermal comfort conditions.
Studies in Indian buildings (mostly naturally-ventilated buildings) indicate that people
are comfortable at temperatures up to 32 ◦C, when there is a significant air velocity (see
Section 1.4). In this study, the mean indoor air temperature (Tin) at which people switched
on the RACs was 32 ◦C, which is close to the values reported in the RAC user behaviour
studies by [29,32]. This suggests that even when RACs are present, people tend to use
the fans as much as they can. Beyond an indoor air temperature (Tin) of approximately
32 ◦C, air velocity has an insufficient role in maintaining thermal comfort, as RACs are
used to maintain thermal comfort. In addition, most people use ceiling fans and RACs
simultaneously. Therefore, the use of ceiling fans can be considered as a baseline scenario
for maintaining thermal comfort in Indian conditions, with or without the use of RACs.

4.2. Effect of Ceiling Fan Operation on Indoor Temperature and Energy Consumption

The effect of the indoor air velocity (vel) from the ceiling fan on the indoor air temper-
ature (Tin) and energy consumption was analysed through the difference between mean
indoor air temperature at various fan speed settings and fan speed setting 1 (Tdi f f _1) and the
difference between total energy consumption at various fan speed settings and fan speed
setting 1 (Edi f f _1), respectively. The temperature difference, Tdi f f _1, increased with the fan
speed setting (see Figure 5). However, only limited information can be derived from the fan
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speeds 5D to 2D, as the indoor air temperature only seemed to stabilise at fan speed setting
1 in the test schedule used. From fan speed setting 2A, the temperature difference, Tdi f f _1,
seemed to increase, especially in a few cases, e.g., at a Tset of 20 ◦C, in the top floors, and
in most cases at fan speed setting 5A. An increase in fan speed setting (and consequently
the indoor air velocity (vel) may result in an increase in the indoor air temperature (Tin),
e.g., due to an increase in the indoor heat transfer coefficient at high air speeds or to a lesser
extent, the heat dissipated from fan motors. However, this increase may be mitigated by
the RAC operation. Further insights can therefore be gained from the difference between
total energy consumption at various fan speed settings and fan speed setting 1 (Edi f f _1).
The energy difference, Edi f f _1, increased with the fan speed setting, particularly between
fan speed setting 2A and 5A, and between the Tset of 26 and 30 ◦C (see Figure 11C,D).
This may be because the RACs consume more energy to compensate for an increase in
indoor air temperature. At low set-point temperatures, as the RACs were already operating
at full-load conditions (see Figure 10), and therefore, the energy difference, Edi f f _1, was
insignificant, there was an increase in the temperature difference, Tdi f f _1. However, at
high set-point temperatures, there was a significant decrease in the temperature difference,
Tdi f f _1, and an increase in the energy difference, Edi f f _1. In addition, the share of the ceiling
fan energy consumption in the total energy consumption increased more strongly with
the set-point temperature than with the fan speed setting. Overall, these results indicate
that the energy consumption of the RAC, and consequently the total energy consumption,
increased with the fan speed setting.

4.3. RAC Energy Savings due to Air Speed

We analysed the two questions discussed in Section 1.3.

• First, did the use of the fan lead to a reduction in the duration of RAC use?
• Second, whether the use of fans or an increase in fan speed setting resulted in extending

the set-point temperature (Tset)?

Considering a baseline scenario that the ceiling fans are always used with or without RACs
(see Section 4.1), a priori energy savings that might have been expected due to fan use or
increased fan speed setting are purely notional and may not exist in practice. Studies have
shown that users typically operate RACs at a Tset of 24–26 ◦C. However, in this study, at a
Tset of 28–30 ◦C, the mean indoor air temperature was mostly between neutral operative
temperature and the lower 90% limit (except at fan speed setting 5A). This indicates that
at these values of set-point temperature, comfort conditions can be maintained regardless
of the fan speed setting. If some air movement is desired even when the RACs are in use,
less energy is required at fan speed setting 1 (see Section 4.2). It can be concluded that in
the context of India, increasing the fan speed setting while using RACs will not lead to any
energy savings. On the contrary, it will result in excess energy consumption.

4.4. RAC Energy Savings due to Set-Point Temperature and Operation

As the set-point temperature increased from 20 to 24 ◦C, the study shows that the
weather normalised RAC energy consumption (Enorm) was 14% and the average energy
savings per 1 ◦C increase in Tset were 3.5% (compared with the BEE’s estimate of 6%). In
addition, at lower set-point temperatures, energy was consumed to meet the latent load
(see Figure 6), i.e., to dehumidify the space. However, the adaptive comfort model IMAC-R
is independent of the relative humidity. Moreover, relative humidity did not appear to
have a significant effect on the RAC switch on and off behaviour in comparison with the
indoor air temperature (Tin). However, as the set-point temperature increased from a
baseline Tset of 24 ◦C to 26 ◦C, and from a baseline Tset of 26 ◦C to 28 ◦C, the mean weather
normalised RAC energy consumption was 10% and 26%, respectively. This means that the
average energy savings per 1 ◦C increase in set-point temperature (Tset) were 5% and 13%,
respectively. Compared with the Tset of 20, 22, 24, 26 and 28 ◦C as baseline and the Tset of
30 ◦C as target, the average energy savings per 1 ◦C increase in Tset were 7, 9, 11 and 14
and 20%, respectively. In general, the energy savings in the study were sensitive to, and
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increased with, the baseline and difference between the baseline and target values of the
set-point temperature Tset (see Figures 12 and A9 ). Furthermore, there is a high degree of
variation in the data when the RACs were switched off (see Section 3.4), which indicated
that RACs were not switched off efficiently. That is, there is a tendency for people to ignore
the need to increase the set-point temperature or switch off the RACs until they feel cold.
Therefore, there is considerable potential to minimise energy consumption by optimising
the RAC’s on and off control or set-point temperature (Tset) control based on the measured
indoor air temperature (Tin).

4.5. Strengths and Limitations of the Methodology

The choice of location, time and duration was based on the balance of opportunities
and constraints for conducting the field study. The opportunities are listed below.

1. Bedrooms in residential buildings are unoccupied during the day making it convenient
to test different set-point temperatures and fan speed settings.

2. The results of the study reflect the actual usage times of the RACs in residential
buildings (see Section 1.4)

3. A range of housing typologies were covered, e.g., single-family houses (one-, two-
and three-storey buildings) and multifamily houses (e.g., apartments with up to
seven storeys).

4. The study results are also applicable to small offices, as most share similar characteris-
tics of space size, construction, RAC type and cooling capacity.

Despite the limitations listed below, we believe that the results still provide useful
insights and meet the study objectives.

1. Where there was a significant effect on the results due to building (age, orientation and
surroundings) or RAC specifications, this was discussed in the results (see Section 3.3.5).

2. The sample size for RAC energy consumption (15), indoor conditions (12) and RAC
user behaviour analysis (6) was limited. However, weather-normalised energy savings
were presented for the study period. The study period was limited to 24 days and
did not cover the entire cooling season. However, it coincided with extreme outdoor
weather conditions in one city and near extreme weather conditions in the other city.
In addition, apart from survey-based studies, there are few field studies that have
exclusively monitored RAC energy consumption and indoor conditions in India. One
field study of RAC use in India used a sample size of eight dwellings and analysed
data for 30 days [29].

3. This is not a thermal comfort study and therefore, an exclusive user survey on thermal
comfort or RAC usage behaviour was not conducted.

5. Conclusions

In this study, the energy consumption of Room Air-Conditioners (RACs) and ceiling
fans at different set-point temperature (Tset) and fan speed settings (FSSs) was analysed in
relation to the indoor conditions and the Indian Model for Adaptive Comfort-Residential
(IMAC-R). In addition, RAC usage behaviour and the energy performance of RACs with
inverter technology and fixed-speed compressors were analysed. The results showed that
average energy savings due to a change in the set-point temperature (Tset) were highly
sensitive to the baseline set-point temperature. An often-made assumption that a “1 ◦C
increase in the set-point temperature (Tset) results in 6% average energy savings” can be
misleading, as the energy savings between the set-point temperatures is polynomial and
not linear. Policymakers will also find these results useful for MEPS policy, default set-
point temperature recommendations and energy conservation. Increasing the fan speed
setting during the RAC operation leads to unnecessary energy consumption without any
significant enhancement to thermal comfort conditions. This finding contrasts with the
results reported in the literature, which often do not take into account air movement or the
use of fans in the baseline case. Therefore, space-cooling energy savings due to air speed
should be estimated by using appropriate assumptions for actual fan usage behaviour as a
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baseline scenario. Significant energy savings could be achieved by optimising RAC control,
such as on/off control or changing the set-point temperature (Tset), using Internet of Things
(IoT) devices and machine learning methods. Further research is needed to investigate the
relationship between the set-point temperature (Tset) and thermal comfort and to optimise
RAC operation. In this study, we presented novel and cost-effective IoT instruments that could
be used for such further research. The use of fans for air movement is a prevalent practice in
many tropical regions worldwide. With the rising use of air-conditioning units in such areas,
the study’s outcomes offer significant potential for reducing energy consumption in space
cooling and the resultant greenhouse gas (GHG) emissions.
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Acronyms

ABS Acrylonitrile Butadiene Styrene
BEE Bureau of Energy Efficiency
EER Energy Efficiency Ratio
EPW EnergyPlus Weather Format
FSS fan speed setting
GHG greenhouse gas
HTTP Hypertext Transfer Protocol
IMAC Indian Model for Adaptive Comfort
IMAC-R Indian Model for Adaptive Comfort-Residential
IoT Internet of Things
IR Infrared
ISEER Indian Seasonal Energy Efficiency Ratio
JST Japan Solderless Terminal
MEPS Minimum Efficiency Performance Standards
MMB Mixed-Mode Building
NBC National Building Code
NV naturally-ventilated
PF Power Factor
PHP Hypertext Preprocessor
RAC Room Air-Conditioner
RCC Reinforced Cement Concrete
RPM rotations per minute
RTC Real Time Clock



Energies 2023, 16, 6807 25 of 34

S&L Standards and Labelling
TMY Typical Meteorological Year
TSI Tropical Summer Index
UPVC Unplasticised Polyvinyl Chloride
USNBS United States National Bureau of Standards
WWR Window-to-Wall (area) Ratio

Nomenclature

Symbol Description Unit

CDD10avg_set cooling degree days with set-point temperature as base temperature
according to 10-year average weather data

-

CDDact_set cooling degree days with set-point temperature as base temperature
during the study period

-

CMM cubic meter per minute m3/min
Edi f f _1 difference between total energy consumption at various fan speed

settings and fan speed setting 1
kWh

Emeas measured RAC energy consumption kWh
Enorm weather normalised RAC energy consumption kWh
F frequency Hz
I current Amp
PF power factor -
P power W
RHon_o f f difference between instantaneous mean relative humidity when the

RACs were turned on and off
%

RH relative humidity %
Tdi f f _1 difference between mean indoor air temperature at various fan speed

settings and fan speed setting 1

◦C

Tg globe temperature ◦C
Tin indoor air temperature ◦C
Tmrt mean radiant temperature ◦C
Tneu neutral operative temperature ◦C
Ton_o f f difference between instantaneous mean air temperature when the

RACs were turned on and off

◦C

Top indoor operative temperature ◦C
Tout outdoor air temperature ◦C
Tset set-point temperature ◦C
V voltage V
hi internal surface heat transfer coefficient m2K/W
vel indoor air velocity m/s
U–value thermal transmittance W/m2K

Appendix A. Instrumentation

Appendix A.1. Instrument Sensors and Components

Table A1 shows the details of various components and sensors used in the custom-built
comfort, energy and IR modules (including their libraries) and other instruments used in
the study.
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Table A1. Instrument sensors and components.

Module Make of the Sensor
or Component Library Measurement/Description Unit Accuracy

Comfort module
Wemos SHT30

(Sensirion
SHT30 sensor)

[36] Indoor air
temperature (Tin)

◦C ±3

Relative
humidity (RH) % ±0.3

Maxim
Integrated DS18B20 [52] Globe

temperature (Tg)
◦C ±0.5

Generic SD card +
RTC module [53,54]

SD card for data
logging and RTC to

record the timestamp

Energy module
PZEM–004T 3.0 TTL

Modbus–RTU
by peacefair

[55] Voltage (V) V ±0.5%

Current (I) Amp ±0.5%
Power (P) W ±0.5%

Power factor (PF) − ±0.5%
Frequency (F) Hz ±0.5%

Generic SD card +
RTC module [53,54]

SD card for data
logging and RTC to

record the timestamp

IR emitter module
Grove–Infrared

Emitter (VISHAY
TSAL6200 IR LED)

[56] IR emitter LED

Generic RTC module [53] RTC module to
keep time

Ceiling fan
remote control

USHA IR
remote controller

Speed controller for
ceiling fan

Hot
wire anemometer Trotec TA 300 Indoor air velocity

(vel) m/s ±5%

Clamp on multimeter KAIWEETS HT206B
Current Clamp Meter Voltage (V) V ±(1%+3)

Current (I) Amp ±(2.5%+5)

Appendix A.2. Custom-Built Modules Used in the Study

In general, all modules used in the study were built in a modular way and enclosed
in Acrylonitrile Butadiene Styrene (ABS) plastic boxes. The following steps describe the
building of the IoT modules used in the study.

Appendix A.2.1. Base Data-Logger Unit

A microcontroller base data-logger unit was first assembled. For comfort, energy and
IR emitter modules, this consisted of a WEMOS D1 mini pro [57] microcontroller board
(with pin headers) and a micro-SD card + RTC shield (with pin headers) (see Figure A1a,b)
put in place on a triple base (for comfort and energy modules). The WEMOS D1 mini
pro and micro–SD card + RTC shield were soldered with female header pins towards the
bottom side, which locked themselves into the female pin headers on the top side of the
triple base. Similarly, for the IR receiver module, a WEMOS D1 mini [58] microcontroller
board (with pin headers) was used with a micro-SD card + RTC shield put in place on a
WEMOS D1 mini dual base (see Figure A1c). The RTC used an I2C interface (pins D1 and
D2) and the micro-SD card shield used four pins (D5, D6, D7, D8) on the microcontroller
board. Additionally, appropriate female Japan Solderless Terminal (JST) pins were soldered
to corresponding pins on the microcontroller board and glued to the base unit. The WEMOS
D1 mini pro comes with an on-board female JST pin. The pin headers and JST connections
provide the units with flexible yet secure connections. They make the units modular, and it
is easy to change individual components when they malfunction.
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(a) (b) (c)

Figure A1. Base units. (a) Microcontroller base data-logger unit. (b) Base data–logger unit assembled.
(c) IR emitter data-logger base unit.

Appendix A.2.2. Comfort Module

A WEMOS SHT30 shield was used for measuring Tin and RH. The WEMOS SHT30
shield uses an I2C interface to communicate with the WEMOS D1 mini microcontroller
board. It comes with an on-board female JST pin (see Figure A2a). A JST connector was
used to connect the female JST pins on the WEMOS SHT30 shield and base data-logger unit.

(a)

(b) (c)

(d)

(e) (f)

Figure A2. Comfort module build-up. (a) SHT30 Tin and RH sensor with JST connector. (b) DS18B20
sensor fitted inside a ping-pong ball. (c) DS18B20 sensor with JST connector. (d) Plastic mount for
sensors. (e) Comfort module showing the JST connections. (f) Comfort module enclosed.
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A Maxim Integrated DS18B20 one-wire digital temperature sensor air-tightly sealed in
a black matt painted ping-pong ball was used to measure Tg and subsequently calculate
Tmrt by using Tg (see Figure A2b). DS18B20 uses a ground pin, 5 V pin and a digital pin on
the WEMOS D1 mini microcontroller board. The three pins of the DS18B20 were soldered
to a JST connector (see Figure A2c), which was inserted into the female JST pin on the base
data-logger unit. In addition, a 4.7K ohm pull-up resistor was placed between the data
(digital pin) and the 5 V pin (soldered on the base data-logger unit) (see Figure A1).

A black pipe of 12 mm diameter and 15 cm length was used to mount the ping-pong
ball with the DS18B20 sensor and the WEMOS SHT30 over the comfort unit enclosure (see
Figure A2d). An IP68 waterproof cable gland was used to mount the pipe. In addition,
the pipe was perforated to ensure air movement and avoid the influence of heat from the
data-logger unit on both the sensors due to stack effect. The base unit was then enclosed in
an ABS plastic box (see Figure A2e,f).

Appendix A.2.3. IR Modules

A Grove-IR emitter, which uses a VISHAY TSAL6200 IR LED, was used in the IR
controller unit and to transmit infrared signals (see Figure A3a). The IR emitter uses a
ground pin, 5 V pin and a digital pin on the WEMOS D1 mini microcontroller board. Its
emitter comes with an on-board female JST pin, which was then connected to the base
data-logger unit using a suitable JST connector (see Figure A3c) and enclosed in an ABS
plastic box (see Figure A3b).

(a) (b) (c)

Figure A3. IR modules build-up. (a) Grove IR emitter module. (b) IR emitter module. (c) IR emitter
module showing JST connection.

Appendix A.2.4. Energy Module

A PZEM-004T 3.0 TTL Modbus-RTU module by peacefair was used to measure the
RAC energy consumption. It uses ground, 5 V, Tx and Rx pins on the microcontroller. The
PZEM-004T comes with an on-board female JST pin, which was then connected to the base
data-logger unit using a suitable JST connector (see Figure A4a). The entire assembly was
then encased in an IP54-rated plastic box (see Figure A4b).
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(a) (b)

Figure A4. Comfort module build-up. (a) Components of the energy module. (b) Energy module casing.

Appendix A.3. IoT Communication

The IoT communication between the modules and a remote MySQL database was
made by using an HTTP POST request to a PHP script to insert data (sensor readings) into a
MySQL database by using the code and method described by [46]. For this purpose, a web
domain and space on a commercial web hosting platform were set up. The data from the
modules were sent as an HTTP POST request to the domain via Wi-Fi. Whenever a POST
was sent, a PHP script on the hosting platform recorded the data in the MySQL database.

Appendix B. Representative Pictures of the Samples

(a) (b)

Figure A5. Sample V1. (a) Exterior view of sample house V1. (b) Interior view of the experimental
room in sample house V1.
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(a) (b)

Figure A6. Sample V3. (a) Exterior view of sample house V3. (b) Interior view of the experimental
room in sample house V3.

(a) (b)

Figure A7. Exterior views of some samples. (a) Exterior view of sample house V4. (b) Exterior view
of sample house V6.
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(a) (b)
Figure A8. Interior views of some samples. (a) Interior view of sample house V2. (b) Interior view of
sample house H2.
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