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Abstract A new approach to redefine thermal comfort
temperature for cold climatic hilly regions is presented. This
approach will lead to the reduction of base temperature,
number of winter space heating degree-days required and
helps in the designing and proper sizing of space heating
systems, and thus reducing the initial high costs of solar
passive features. The new thermal comfort temperature has
been proposed and used in the passive solar design of a Bank
building at Shimla (Latitude 31.1 °N, Longitude 77.1 °E and
Altitude 2202m (above msl)) the capital of Himachal
Pradesh, the Western Himalayan State in India. The
monitoring of building shows that a new thermal comfort
temperature results in reducing the heating requirement
by about 44%, thereby indicating the need to adopt this
approach for cold regions.
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1 Introduction

The estimation of heating requirements of a building is
essential for its effective passive solar design. A passive
solar building program is being coordinated by one of
the authors in the Western Himalayan state of Himachal
Pradesh [2].

India has diverse climates, thus it is not proper to define
a single comfortable temperature for the entire country, as it
will vary region wise. For Indian conditions, the base tem-
perature needs to be redefined, as the comfortable tempera-
ture inside a building needs not to be taken as 23.8 °C (with
18.3 °C as base temperature +5.5 °C) [7] defined for Amer-
ican climatic conditions.

ASHRAE recommends that relative humidity be
maintained below 60%. There is no recommended lower
level of humidity for achieving thermal comfort, but
very low humidity can lead to increased static electricity
and health problems, such as skin irritation. The relative
humidity should be greater than 30%. Table 1 shows
ASHRAE’s acceptable ranges of operative temperature (a
combination of air and radiant temperatures) for relative

humidity levels of 30% and 60%. If the relative humidity
is very high, the heat loss by evaporation will be much
greater, so raising the temperature is one practical way
to compensate for the extra loss by evaporation. When
temperatures are within the comfort range (19-23 °C) the
RH has a little effect on comfort provided that it is within
the range of 40-70%. Influence of humidity is not great for a
person with very light or sedentary activities as well. Higher
humidity will make a person feel warmer particularly in a
ventilated area where the air speed is low. In areas of very
low humidity, people may experience discomfort from dry
eyes, nose and throat.

The optimum air temperature in UK is 18.3 °C, but the
range of requirement for comfort could vary from 15.6 °C to
20 °C for light factory-work depending upon the degree of

Table 1: Examples of acceptable operative temperature
ranges based on comfort zone diagrams in ASHRAE
Standard-55-2004.

Conditions

Acceptable operative temperatures (°C)

Summer (clothing insulation = 0.5 clo)

Relative humidity 30% 24.5-28

Relative humidity 60% 23-25.5

Winter (clothing insulation = 1.0 clo)

Relative humidity 30% 20.5-25.5

Relative humidity 60% 20-24

Source: National Research Council (Canada) Indoor Air Quality
and Thermal Comfort in Open-Plan Offices, Construction
Technology Update No. 64, October 2005.

Some typical responses to various temperatures

Temperature (°C) Typical responses

25 Optimal for bathing, showering

24 Sleep is disturbed, people feel warm,
lethargic and sleepy

22 Optimal for unclothed people

21 Most comfortable year-round indoor
temperature for sedentary people.
Optimum for performance of mental work

18 Physically inactive people begin to shiver.

Active people are comfortable
(Canadian Centre for Occupational Health and Safety).
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Table 2: Various air movement conditions for thermal
comfort.

Air velocity at heat Typical subjective occupant evaluation
level of occupant

0to 10 fpm Complaints about stagnant air

(0 to 0.5 m/s)

10 to 50 fpm Generally favorable (manufactures of air
(0.5 to 2.5m/s) outlet devices, e.g., base performance on

50 fpm air velocity in occupied zone)
Awareness of air motion, but can be

50 to 100 fpm

(2.5 to 5m/s) comfortable (e.g. some retail shops and
stores) when temperature of moving air is
above room air temperature

100 to 200 fpm Constant awareness of air motion, but can be

(5 to 10m/s) acceptable (e.g. some factories) if air supply
is intermittent and above room air temperature

200fpm (10m/s)  Increasingly draft conditions with complaints

and above about “wind” in disrupting a task, activity and

so forth
(Egan M. David, 1975: 12).

comfort required. But, in sedentary occupations, the range
might be 19.4 °C to 22.8 °C, while for heavy work 12.8 °C
to 15.6°C could be considered acceptable [1]. Table 2
describes how human occupants react to various conditions
of room air motion.

The thermal comfort is a state of mind where a person
expresses satisfaction with the thermal environment
(ASHRAE Standard 55 2004). People in India also use
warm clothing (sweater, jacket, inner thermal, socks, cap)
in winters as compared to 0.9 clothing [sweater, long sleeve
shirt, heavy slacks] (ASHRAE 1955-1981), thus a higher
inside temperature need not to be created by the heating
systems as recommended 22.7 °C (ASHRAE 1955-1981).
A lower base temperature is needed which will result in sav-
ing of considerable fuels. Also people in hills have adapted
themselves to be comfortable at lower temperatures in
winters and in plains at higher temperatures in summers and
this aspect needs to be kept into consideration while deter-
mining new comfort temperatures. The adopted principle of
Nicol et al. [7] has been supported by field comfort studies
in different climates. Humphreys [3] found that the comfort
temperature differed between groups of people feeling ther-
mally comfortable. According to Nicol and Humphreys, the
mean comfort rating changed less with indoor temperature
from climate to climate than might be expected.

Thermal comfort temperature (7.) for a particular
location helps in estimating the heating requirements and
in the calculation of heating degree-days. The thermal
comfort temperature (7,) for winters is generally taken as
23.8 °C with light clothing and 29.4 °C for summers. The
air conditioning engineers design solar energy systems by
taking the standard thermal comfort temperature as 22 °C.
However, this design temperature requires to be redefined
for hilly regions. As per ISO 7733 calculations, the preferred

operative temperature is 22 °C, in case of three-seat sofa the
operative temperature would have to be 1.5 °C lower.

As there is very little thermal comfort research in India
other than by a few [4], thermal comfort standards are not
defined in Indian Codes. For all climate and building types,
the National Building Code of India specifies the use of two
narrow ranges of temperature: summer (23-26 °C) and win-
ter (21-23 °C), (BEE, 2005). These standards are based on
ASHRAE standards, which are not validated through empir-
ical studies on local subjects. The application of these stan-
dards is known to produce overdesigned thermal monotony,
leading to exorbitant energy misuse.

Energy consumption in buildings is also increasing at
an unprecedented rate, as more and more buildings are
designed in lightweight materials like glass and aluminum,
giving little importance to the passive methods of heat
control and human adaptation to comfort. It is well known
now that buildings with poor adaptive opportunities often
produce intolerable indoor conditions within, and consume
high energy.

Keeping these aspects in view, the heating degree-days
with new base temperature for different locations of this
Western Himalayan State have been estimated. The heating
demand of a building without solar passive features and with
solar passive features has been estimated with new thermal
comfort temperature in the following sections.

2 Methodology

Based upon a comfort survey conducted all over the world, a
relation has been derived between comfort temperature (7;)
and outdoor temperature (7p) [3] as

T, = 12.1+0.537p. (1)

Another relation was obtained for Pakistan [8], which has
almost similar climatic conditions as in India as

T. = 17.0+0.387T. )

The SCATS survey based in 5 European Countries has
increased the accuracy and applicability of the model by
showing that it was the running mean of the daily mean
outdoor temperatures which correlated best with indoor
comfort (McCartney and Nicol 2002) with the assumptions
that thermal resistance of the clothing is 0.5 clo, metabolic
rate is 1.4, met air velocity is 0.15 m/s, and relative humidity
is 50% [9],

T. =0.33T) + 18.8. A3)

The month-wise thermal comfort temperatures T H calcu-
lated by [3], TN calculated by [8] and TN, calculated
by [9] and outside temperature for Shimla are presented in
Table 3.

Table 3 reveals that the thermal comfort temperature
obtained by [3] is quite low in the range of 14.1 °C-18.7 °C
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Table 3: Month-wise thermal comfort temperature for
Shimla.

Month  Average outside
temperature (°C)

TcH (°C) ToNp (°C) TcN2 (°C)

Jan. 52 14.9 19.0 20.5
Feb. 6.7 15.7 19.6 21.0
Mar. 10.6 17.7 21.0 223
Apr. 15.2 20.2 22.8 23.8
May 19.8 22.6 24.5 25.3
June 18.3 21.8 24.0 24.8
July 17.7 21.5 23.7 24.6
Aug. 17.7 21.5 23.7 24.6
Sept. 16.9 21.1 234 244
Oct. 14.4 19.7 225 23.6
Nov. 11.2 18.0 212 22.5
Dec. 7.8 16.2 20.0 21.4

and [8] predicts the thermal comfort temperature in the
range of 18.5°C-21.7 °C whereas [9] predicts the thermal
comfort temperature in the range of 20.5 °C-25.3 °C. Thus,
relation (2) has been used to estimate the thermal comfort
temperature for different stations in the state.

In the present study, thermal comfortable temperature
of 19°C is taken for the coldest month of winters for
Shimla using relation (2) on the basis of survey carried
out in the local area on pilot basis. Also the winter
comfort temperature comes out to be 19.1 °C when outside
temperature is 17 °C [8]. The thermal comfort temperatures
for different stations of Himachal Pradesh using relation (2)
are presented in Table 4.

3 Estimation of degree-days

Once the comfort temperature is known, the degree-days
which are essential to estimate the heating demand of the
building can be calculated using the relation

D=T,-1T, “

where T}, is the base temperature and 7T}, is the average out-
side temperature.

A large quantity of energy is required to heat the build-
ings in winters. The fuel consumption depends upon heating
demand of a building, which is related to heating degree-
days for a particular location. The heating degree-days are
based upon the base temperature and average outside tem-
perature. The annual heating degree-days at different base
temperatures for Shimla are presented in Figure 1.

The heating degree-days with new base temperature can
be calculated using the following relation:

D = {Nou AT, +[0.744 +0.00387D, ~ 0.5D2/10°]
NG
X Nowexp—[(AT, +11.11)/9.02]°} ",
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Figure 1: Annual heating degree-days for Shimla.

where D,,, is monthly degree-days, AT is the difference
between degree-days base and monthly average tempera-
ture in °C, N,, is the number of days in a month and D,
the annual degree days at base temperature of 18.3°C at
the location [6]. This relation is valid for locations having
heating degree-days (1000—4000). Based on results [§], the
new comfortable temperature is 19 °C, with base tempera-
ture as 13.5 °C for calculating heating degree-days. Figure 1
also reveal that the annual heating degree-days of all the
stations are reduced using base temperature of 13.5 °C than
those with base temperature of 18.3 °C. However, heating
degree-days can be calculated using relation (3) with suffi-
cient accuracy.

4 Estimation of annual heating requirements of a passive
solar building

A passive solar HP Co-operative Bank building at Shimla
(Latitude 31.1°N, Longitude 77.1°E and Altitude 2202 m
(above msl)) is taken as a case study to evaluate the thermal
performance. This building is a multistorey RCC structure.
The narrow front of the building is exposed to Southern sun
in winter. The longer East face of the building has no access
to light and air as it is adjoining to another building. The
West face has access to sun and air from adjacent lane. The
North side of the building opens towards valley side.

The solar passive features of the building include the
following: orientation of building is 10" west of south;
air lock lobby at the main entrance to reduce heat losses;
external walls (north, south, and west) are 9” thick (double
brick wall); eastern wall is 18" thick brick wall adjoining
another [State Bank of Patiala] building; two sun-spaces
each of size 1.8 m? have been provided on the south face on
Ist and 2nd floors; a heat collecting solar wall with 36 m?
glass area, on the front south face has been constructed,
tightly sealed double glazed windows with separate wooden
frame shutters on west and north sides of 4 mm thick glass
to reduce heat losses; Buffer zones have been created on the
north face of building to reduce heat losses; West walls of
the officer rooms have been insulated by wooden paneling.
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Table 4: Thermal comfort temperature for different stations of Himachal Pradesh.

Thermal comfort temperature

Month Nahan Sunder Nagar Dharamshala Bilaspur Bhunter Shimla Manali Una Mandi
Jan. 21.72 20.81 21.06 21.51 20.55 19.00 18.46 21.37 21.52
Feb. 22.70 21.59 21.55 22.18 21.08 19.35 19.32 22.36 22.02
Mar. 24.57 23.16 23.08 23.73 22.49 20.84 20.28 23.54 22.85
Apr. 26.15 24.92 24.81 25.62 23.95 22.47 22.15 26.27 25.32
May 27.12 26.64 26.40 27.24 25.51 23.65 23.30 27.98 26.42
June 28.44 27.32 26.93 27.98 26.70 24.54 24.68 29.05 27.87
July 27.79 26.93 26.06 27.90 26.96 23.86 25.06 28.97 27.94
Aug. 27.11 26.81 25.90 27.39 26.89 23.68 24.80 27.68 27.22
Sep. 27.01 26.26 25.55 26.86 26.20 23.44 24.16 27.37 26.92
Oct. 26.12 24.58 24.49 25.69 24.46 22.46 22.33 25.47 25.59
Nov. 23.98 22.79 23.05 23.51 22.54 21.15 20.79 24.11 23.73
Dec. 22.29 21.27 21.20 22.05 20.91 19.92 19.58 23.31 22.62

Table 5: Climatic data of Shimla.

Sr. no. Climatic parameter

Maximum Minimum Average

Table 6: Building data of solar passive designed co-
operative bank building.

Temperature (°C) Building parameters Inner Outer
! ; anuary 285'58 113'96 15927 Wall length (m) 345 35.0
2 Rueri:tive humidity (%) 645 568 6065 Wall breadth (m) 23 0.7
3 Solar radiation on horizontal ~ 5.44 2.54 3.75 Height (m) 9.6 9.6
surfaces (kwh/m?) Area per floor (m?) 319.3 3375
Rainfall/year (mm) 1281 Total floor area (m?) 957.9 1012.4
Snowfall/year (mm) 401 Volume (m?) 3065.4 3239.6

This wall remains shaded by adjoining building, all exposed
roofs/ceiling are thermally insulated by an equivalent of
50 mm thick resin bonded mineral wool, tight sealing of
windows to avoid infiltration of air.

The evaluation of the building has been carried out with
assumptions such as there is no heat loss through the internal
walls, floors and ceilings (these are insulated by an equiva-
lent of 50 mm thick resin bonded mineral wool), East wall as
it is common with 8 another adjoining building wall (thick-
ness increases) and North wall (due to buffer zone), building
is for day time use only (10:00 am to 5:00 pm), solar heat
gain through west wall has not been taken into account as
no sun is available to the building due to shading by adjoin-
ing building (walls are very close to each other), heating is
required only for five winter months (November to March).

The climatic data of Shimla has been presented in
Table 5 and building parameters have been given in Table 6.

The degree-days can be used to estimate the annual heat-
ing requirement of the building with expected variation of
+20% [5]. Large buildings with many zones cannot be eval-
uated using degree-days method and other methods are to be
used to account for internal gain and building mass effects.

The heating demand of the building is calculated as

Q= (SUA+0.335"N*V)D, (©6)

here N is number of air changes per hour and V' is volume of
the building. U A is the heat loss coefficient of the building

and D is heating degree-days. The heating requirement of
original design building [ D] without any solar passive fea-
tures with volume of 3065 m® and improved design building
[D,] with solar passive features with volume of 2283 m>
have been calculated. The number of air changes per hour
(N) in building [ D] is taken as 4 whereas in building [D>]
the value of N is taken as 3. The low value of [V is taken
in D, because the building is considered to be tight due to
air lock lobby, insulated roof and 9 buffer zone. The heating
demand of the building [ D] is 58% less at base temperature
of 13.5 °C than at base temperature of 18.3 °C.

The annual heating demand of [D;] calculated using
relation (5) at base temperatures 18.3 °C and 13.5 °C reveals
that the heating demand in building [D;] has been reduced
by 44.54% in comparison to building [D] at similar base
temperature of 13.50. The infiltration heat loss, which is
a major part of total heat loss of the building, has been
reduced by 44% in building [D;] in comparison to building
[D1] mainly due to the exclusion of volume of buffer zone
created at North side. The insulated roof has reduced the
heating demand by 56% in comparison to existing roof.

5 Conclusions

The new base temperature of 13.5°C results in reducing
the heating degree-days by 58% in comparison to the heat-
ing degree-days obtained using 18.3 °C as base temperature.
The lower base temperature has also reduced the heating
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requirements of solar passive building by 44%, thus resulted
in lowering of cost on solar energy heating systems and the
conventional fuel bill.

ASHRAE standard 55 (1981). Thermal environmental

conditions for human occupancy.

ASHRAE standard 55 (2005). Thermal environmental

conditions for human occupancy.
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