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ARTICLE INFO ABSTRACT

Keywords:
Window opening behaviour
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Occupant’s adaptive actions (like windows opening, use of blinds and use of ceiling fan) have a strong effect on
indoor environment. Only a few models of these actions exist and are solely based on indoor and outdoor thermal
environments. This leads to large discrepancies between the actual and predicted indoor environment. There is
no such study prevails in India and this highlights the need to investigate the occupant’s local adaptive behaviour
using the actual field data. The present study has developed adaptive behaviour models that relate window
opening behaviour, blind use behaviour and fan use behaviour to the environment conditions in naturally
ventilated buildings under the composite climate of India. Field measurements of adaptive behaviour actions and
environmental conditions were conducted in thirty-one naturally ventilated buildings. The occupant’s adaptive
behaviour models were thus governed by various explanatory variables. In window opening behaviour model,
the indoor and outdoor air temperatures, indoor air velocity, indoor lighting level and indoor COy were
important governing variables. In blind use behaviour model, the indoor lighting level, indoor air velocity and
window state were significant governing variables and in fan use behaviour model, the indoor air temperature,
indoor air velocity and window and blind states were the most influencing variables. The occupant’s adaptive
actions were mostly governed by the pursuit of comfort and primarily driven based on the change in indoor
environment rather than outdoors. Occupant’s behaviour patterns of adaptive controls use were consistent with
the literature and can be used for simulating the built environment in naturally ventilated buildings.

Fan use behaviour
Indoor environment
Naturally ventilated buildings

1. Introduction airflow through windows is not strong enough, the use of ceiling fan is a
reliable source to control ventilation through regulating air circulation
and airflow. Increase in air movement has a direct impact on the sub-

ject’s thermal comfort and building energy demand. The use of window

People spend most of their time inside buildings and therefore, the
healthy and comfort indoor environment is essential for humans. The

indoor environmental quality encompasses the four environment con-
ditions (thermal, air quality, visual and acoustic) inside the building [1].
Humans have endeavoured to control their built environments in which
they can feel comfortable. Occupant’s use of adaptive actions such as
window or door opening, blind use and fan use substantially influences
the indoor environment. Naturally ventilated or free-running buildings
provide many adaptive opportunities to the occupants’ to improve their
built environment by utilising the natural airflows [2]. Window opening
aids comfort air ventilation, distribution of fresh air and extract over-
heated and contaminated air from the indoor space [3]. Window
opening provides a dual role in controlling indoor air temperatures and
regulating indoor air quality through increasing air flows. When natural

* Corresponding author.

blinds protects occupants from direct solar glare and also maximizes the
use of daylight based on occupant’s preference of daylighting [4]. Oc-
cupant’s adaptive actions are not only governed by a single predictor but
also by many other factors related to occupant, building and environ-
ment. Therefore, it is important to study various factors that can have an
influence on occupant’s adaptive behaviour. Fabi et al. [5] reviewed
various factors influencing the occupant’s window opening behaviour in
residential and office buildings. Many studies emphasised on prevailing
window states rather than transition of window state with time. Several
influencing factors were identified of which some were more contrib-
uting than others.

The earlier researchers have quantified some of the occupant’s
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Abstract

This paper demonstrates the implementation methodology for India’s first IEQ standard (ISHRAE
Standard-10001:2016) in actual buildings. The IEQ standard encompasses the definitions of IEQ elements
(i.e. thermal comfort, indoor air quality, visual comfort, and acoustic comfort), threshold values of IEQ
parameters determining these elements, specifications of measuring instruments, and methodology to
undertake IEQ assessments in buildings. The pilot study identified the preliminary findings to understand
and evaluate the practical implementation of the IEQ standard through field measurements. The quan-
titative measurements of IEQ elements were carried out in two academic buildings in the Jaipur climate
(warm and humid as well as hot and dry and cold). The occupant’s subjective evaluation was made
through a questionnaire survey administrated concurrently with physical measurements of IEQ param-
eters. This study provides the clarity of method for taking IEQ measurements and comments on the
availability of instruments and their specifications as recommended by the standard.

Practical application: The present study is the practical implementation of the |IEQ standard in build-
ings. This standard provides the threshold limits of IEQ parameters by classifying them into three classes
covering international and local benchmarking. The standard also specifies the research methodology
including field measurement protocol and specification of monitoring devices for IEQ assessment. This
standard is useful for evolving IEQ rating of buildings in India where the majority of the building stocks are
yet to be built.

Keywords
Thermal comfort, indoor air quality, visual comfort, acoustic comfort, academic buildings, occupant
satisfaction survey
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Impact assessment of air velocity on thermal comfort

in composite climate of India

SUNIL KUMAR SANSANIWAL, PRIYAM TEWARI, SHAILENDRA KUMAR, SANJAY MATHUR and

AND JYOTIRMAY MATHUR*

Centre for Energy & Environment, Malaviya National Institute of Technology, Jaipur 302017, India

Thermal adaptation plays crucial role in energy efficient operation of buildings without compromising with human thermal comfort.
Elevated air velocity is commonly desired to restore comfort requirements at higher temperatures especially in NV and MM buildings
located in tropical countries like India. This article is the systematic field study comprising a total of 4872 responses (1874 from NV
buildings and 2998 from MM buildings) collected over a period of six years (2011-2017) during summer and moderate seasons under
composite climate of Jaipur (India). Subjects’ responses and concurrent field measurements were utilized to investigate the impact of
elevated air velocity on indoor thermal comfort. This research is a first attempt of its kind that deals with graphical quantification of
air velocity required to offset increased temperature and follows similar approach as presented in ISO 7730. A redefined air velocity
offset chart for Indian subjects working in office buildings has been proposed using the evidences (i.e. comfort expectations,
preferences and local adaptation) collected from actual field observations. Thus, the offset in comfort operative temperature from base
value of 28.04°C and 26.93 °C for NV and MM buildings were obtained to be 4.78 °C and 4.24 °C, respectively for the elevated air

velocity of 1.5 m/s.

1. Introduction

Thermal satisfaction in buildings has become the necessity
for healthy survival of human being as people spend about
90% of their time indoors. In India, the building energy con-
sumption is expected to be increased by more than twice of
the global average increase or by the annual average
increase of 2.7% till 2040 (U.S. Energy Information
Administration 2017). About 48% of annual energy con-
sumption in residential buildings and 31% in commercial
buildings are used for satisfying thermal comfort require-
ments through HVAC systems (Rawal et al. 2012; BEE
2007). Thermal comfort not only affects the subject’s health
but also the building energy performance to great extents
(Taylor, Fuller, and Luther 2008; Wagner et al. 2007).
Global standards for thermal comfort including ASHRAE 55
(ASHRAE 2013) and ISO 7730 (ISO 2005) are based on
heat balance approach and have specified comfort require-
ments of subjects for different building typologies. However,
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these standards have several systematic discrepancies and
the range of thermal comfort (26°C-32°C) obtained for
Indian contexts is way above the values (i.e. 23 °C-26°C for
summer and 21°C-23°C for winter) prescribed by these
standards (Kumar et al. 2016a, 2016b, 2017; Tewari et al.
2019c; Dhaka et al. 2013, 2015; Sansaniwal et al. 2020a).
This difference indicates the prominent role of socio-cultural
setup and local adaptation in finding actual thermal comfort
requirements.

More country specific field research that accounts socio-
cultural aspects and local adaptive behavior are required
which will benefit engineers and architects to quantify actual
requirements of thermal comfort. Further, the contributing
factors of thermal comfort are categorized in two types
namely, the environmental factors (i.e. RAT, MRT, air vel-
ocity and RH) and personal factors (i.e. clothing insulation
and activity levels) (Erlandson et al. 2003; Sansaniwal,
Mathur, and Mathur 2020b). Air velocity is an important
parameter that substantially influences thermal comfort in
the prevailing environment. In hot and dry climate, the
inhabitants closer to the equator line often stay in NV or
semi-open spaces with electric fan operation. Rise in air vel-
ocity using ceiling fan and/or window opening during sum-
mer season is the noteworthy behavioral adaptation
mechanism to combat high temperature conditions
(Vijayalaxmi 2009). Feriadi and Wong (2004) reported the
subject’s tendency to modify the prevailing warm and humid
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This article presents a systematic review of thermal comfort studies in Indian residential buildings, to identify the present research
scenario, data gaps, and policy interventions. The majority of the studies were performed in a composite climate (10), followed by a
warm humid climate (seven), and a very few from cold (two) and hot and dry (two) climates. None of these thermal comfort studies
took place in a temperate climate. In addition, seven studies have considered multiple climates for assessment of thermal comfort in
residential buildings. This illustrates that thermal comfort studies in Indian residential buildings are scarce, scattered, and unorganized.
Further, due to differences in sociocultural setup and local adaptations, wide variations in occupant comfort requirements were
reported. This review argues that there are dynamic modifications in individual behaviors due to changes in cost of building energy
services and comfort requirements. Only four of the reviewed studies partially considered the occupant behavior regarding control of
the indoor thermal environment. The results obtained from these studies indicate that there is pressing need for the localized thermal
comfort models that will improve not only the comfort requirements but also building energy performance. Importantly, this review
paves the way for harmonised thermal comfort research in India, where a large amount of residential building stock is yet to be built.

Introduction

Among the Asia Pacific Partnership countries, India has the
highest residential building energy consumption, which is
likely to be increased with the addition of new building stock
(Bin and Evans 2008). In Indian dwellings, about 73% of total
energy consumption is used for HVAC and lighting, to meet
the requirements for thermal and visual comfort (ECBC 2007).
India has diversified sociocultural setups and climatic condi-
tions that provide opportunities to people to drive their liveli-
hood and healthy lifestyle (Kumar et al. 2017). The Indian
climate has an extraordinary variety, ranging from tropical in
the south to temperate in the north. It is strongly influenced by
the Himalayas in the north, the Thar Desert to the northwest,
and the sea in the south (Rao and Patil 2016). India has five
designated climatic zones, namely, hot—dry, warm-humid,
composite, cold, and temperate (NBC 2005). The requirements
for human thermal comfort vary greatly with climatic zones
that have such a disparity in environmental conditions.
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An occupant’s expectations for thermal comfort also vary
considerably, and hence, so does the building energy consump-
tion. In Indian residential buildings, about 45% of energy is used
to meet the requirements of thermal comfort (ECBC 2007). With
a high growth rate in modern infrastructure and residential build-
ing stock, the residential energy demand is likely to increase in
the future. Thermal comfort is “the state of mind that expresses
satisfaction within the thermal environment” and is generally
assessed subjectively (ASHRAE 2004). It generally depends on
six parameters: four environmental parameters (room air tem-
perature [RAT], mean radiant temperature [MRT], air velocity,
and relative humidity [RH]) and two personal parameters (cloth-
ing level and metabolic activity) (ISO 2005).

The adaptive model (amalgamation of physiological, psycho-
logical, and behavioral aspects) can significantly decrease the
building space cooling requirements. It is based on the principle
of adaptability, which states that if a person feels discomfort due
to change of conditions, that person will react to restore the com-
fort level (Roaf et al. 2010). The adaptive model considers the
dynamic variations of both internal and external environmental
conditions, including the individual behavior, using field study
data from real buildings (Fabbri 2015; Djongyang, Tchinda, and
Njomo 2010). However, the sociocultural aspects, thermal history,
income, and context are not comprehensively considered in the
existing thermal comfort model. The adaptive thermal comfort
model was also incorporated in ASHRAE 55 (ASHRAE 2004).
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Review of practices for human thermal comfort in buildings: present and future
perspectives

Sunil Kumar Sansaniwal, Jyotirmay Mathur and Sanjay Mathur

Centre for Energy and Environment, Malaviya National Institute of Technology, Jaipur, India

ABSTRACT ARTICLE HISTORY
Thermal comfort markedly impacts our health, well-being and work productivity. This article is a review Received 4 September 2019
of practices generally adopted to quantify human thermal comfort in buildings. The review indicates that Accepted 30 January 2020
there s significant variation in comfort requirements due to diversified socio-cultural set-up and local adap- KEYWORDS

tive behaviogr. Thus, the Ioca!ised thermal comfort models need to be developed to identify the? actugl Human thermal comfort;
comfort requirements helpful in drafting new local comfort standards. The study justifying the relationship thermoregulatory system;
between thermal comfort and indoor air quality are scant and need to be explored as such relationships thermal comfort parameters
are greatly dependent on occupant’s adaptive behaviour. Further, the interdisciplinary research on thermal and approaches; thermal
comfort which not only helps in real-time assessment but also covers other critical aspects like build- comfort standards; office and
ing architecture and energy consumption is lacking in the literature. Moreover, this review paves way for residential buildings
research on thermal comfort in countries where high building stock is expected in future.

Nomenclature Top: Operative temperature (°C)
A DuBois area (m2) Ta: Dew point temperature (°C)
Ad: Convection body area (m?2) Th: Indoor neutral temperature (°C)
“ vection body 5 Tek: Skin temperature (°C)
Ar Effective radiation area of body (m<) . o
) 5 Ta: Clothing surface temperature (°C)
Cy: Heat loss by thermal conduction (W/m=<) o
D: Globe di ter (mm) Tp: Body temperature (°C)
F'- Clothe' lame ir mm Tcom: Comfort temperature (°C)
Fd.- Cloth!ng area ac'g?lr't fact Tem: Running mean of external temperature (°C)
pcl: othing permeabliity factor 5 Tok: Mean skin temperature (°C)
hy: Radiative heat transfer coefficient (W/m<.°C) —_— . o
. . 50 Tmr = Tmr: Mean radiant temperature (°C)
he: Convective heat transfer coefficient (W/m<.°C) v Al .
. . 20 a ir velocity (m/s)
he: Evaporative heat transfer coefficient (W/m=.°C) . .
. ) Var: Resultant air velocity (m/s)
Hwy: Water vapour concentration (kg/kg air) .
. . . w: Skin wettedness
Iep: Thermal insulation of clothing (clo)
I Body height (m)
L: Thermal load on body (W/m?) Greek symbol
m: Body mass (kg) o
: Glob t
M: Metabolic heat production (W/m?2) ¢ © ggmwsm Y . L .
Mes Basal metabolic heat (W) a:  Coefficient depending on relative air velocity
Mb: Masta t:nle ah © Itc fea ture (W) o:  Stefan Boltzmann Coefficient (5.67 x 108 W/m?K?)
p etabolic heat of posture € Emissivity of skin (=0.97)
Ms: Metabolic heat of activity (W) . -
A . y:  Sensitivity coefficient
Py: Partial air vapour pressure (Pa)
Pw: Actual water vapour pressure (Pa)
Psat: Saturated vapour pressure of pure water (Pa) Abbreviation
PaH20: Water vapour pressure !n ambient alr.(Pa) EMR: exit matter reservoir
PskH20: Water vapour pressure in saturated air (Pa) .
. . 2 TER: thermal energy reservoir
R Insulation of clothing (m~K/W) MER: hanical .
S Area of surface i (m2) : mechanical energy reservoir
" PMV: predicted mean vote
Ty: Globe temperature (°C)
. A AMV: actual mean vote
Ta: Air temperature / Ambient temperature (°C) . . -
T T ; f surface  (°C) PPD: predicted percentage dissatisfied
T" ) Demgelrba ture N Slir acc(aolc) aPMV: adaptive predicted mean vote
db- ry bulb temperature ePMV: extended predicted mean vote
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