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ABSTRACT

The utilization of energy in building sectors comprises 30-40% of the entire global energy consumption. Most of
the energy is being utilized for cooling & heating the buildings. These cooling and heating depend on the nature of
climate for different places. In this, the detailed analysis of the building envelope across five areas (viz. Srinagar,
Jaisalmer, New Delhi, Thiruvananthapuram and Bangalore) representing different climatic zones had been carried
out. Simulations are performed for these locations using e€QUEST and ANSYS software. Three of the result output
from the eQUEST simulation are used to assess the different cases. These outputs are: total electrical energy con-
sumption of the year, peak cooling load & peak heating load for a particular time of the year. Temperature var-
iations and airflow for a fan with moisture influence are also simulated for five different locations by using the
radiation model and shear stress transport in ANSYS. The internal temperature distribution in accordance with
an occupant is also compared and discussed for the five regions. Lastly, the predicted mean vote and predicted
percentage of dissatisfaction are found to be in the range of —0.50 to —0.99 for all zones that signifies 13% to 30%
of people are dissatisfied with the indoor environment.
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Nomenclature
My = Metabolic rate in W/m?
Wy = External work in W/m?

= Partial pressure of water vapor in Pascal.
= Represents the temperature of the air (K)

fu = Denotes factor for clothing area
T.= Temperature of clothing (K)

= Radiant temperature (K)
iy = Clothing insulation
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h= Convective heat transfer coefficient in W/m? °C
TR = Ton of refrigeration

1 Introduction

Among the 30—40% of building’s energy consumption, 80% of energy is required for maintaining the
level of comfort [1]. With the increase in energy demand, the direct impact was observed on the level of
greenhouse gas emission [2]. So, it is important to reduce these greenhouse gases (GHG). The integration
of renewable energy sources in buildings is a smart way to decrease the environmental issues related to
increased energy consumption and GHG emissions However, it is also required to bear in mind the point
of comfortable indoor environment for the occupants with the energy efficient building because people
mostly spent their time in the indoors, and an inappropriate indoor environment can results in a reduced
work efficiency [3]. Therefore, appropriate measures/techniques are needed that works to achieve the
required comfort. Some of the studies that presented different appropriate measures are: Rijal et al.
2007 proposed the study that evaluates energy usage and thermal comfort in the buildings with open
windows. As a result of the study, an appropriate algorithm has been developed for simulation which
assists in designing of a comfortable and energy efficient building [4]. Similarly, it was evident that
passive building characteristics such as improved walls, glazed windows and modified structural designs
leads to the reduction of energy consumptions [5]. Recently in 2021 a statistical-based optimization
technique had been used in the study to develop an energy efficient as well as a thermally comfortable
environment and as results 20% of the heat energy savings was achieved [6]. Although, for a thermally
comfortable environment it is also important to check the quality of indoor air in which occupant has to
spend their time. So, effect of the airflow generated from air conditioner and fan on the air quality was
examined by considering humidity level, velocity and temperature distribution inside an envelope [7]. As
a result they revealed that the terms IAQ and thermal comfort are somehow interdependent. Affecting one
will simultaneously impact other also.

Climate is an important aspect in the daily living of human beings. The change in the climatic conditions
directly affects the mental and physical characteristics of a human being. So, it is standard expertise to
evaluate the different climatic conditions, so that, the effect of mental and physical effort on human
beings will be checked [8]. Classification of buildings according to the climate is an advancement for the
functional design of buildings. The elements of climate which promote and shows the different rate of
heat dissipation from the human skin requires some special building features to achieve thermal comfort
and these aspects are grouped to form a climatic zone. The major components of climate which show the
effect on human comfort are air humidity, air movement, temperature, solar radiation, and rainfall. It is
possible to estimate the indoor thermal environment in a building only when the climatic elements and
needs of a site are thoroughly analyzed. However, due to the interaction between the natural stresses and
the building component, it is difficult to achieve an ideal indoor thermal environment. Although, it is
possible to design a building that provides comfort at a minimized cost.

Various researchers studied the effect of climate on building energy consumption. Kumar 2017 studied
thermal performance of the building for five climatic zones in India based on different window glass and
building materials, results show combination of the brick wall made of mud with bronze reflective glass
is the best energy-efficient model [9]. Pingel 2007 studied the concept of natural ventilation in buildings,
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six naturally ventilated buildings were constructed and studied for the warm and humid climatic zone [10].
However, the above studies generally studied the range of building characteristics in different climatic
regions for checking of variation in the energy consumption. Apart from these passive building
characteristics, energy consumption also depends on the active systems like conditioning systems that are
installed to maintain the required comfort level. So, it is important to check the effect of outdoor climatic
conditions on these active systems. Elgendy et al. 2017 proposed a study that consider the effect outdoor
conditions on an air-conditioning system. It was evident from the study that increase in the outdoor air
temperature effects the coefficient of performance of system and decrease it by 51.6% [11]. While several
researchers have simulated buildings through software like eQUEST, ANSYS, and TRNSYS to study as
well as to calculate energy consumption and appropriate thermal comfort conditions in buildings. Song
et al. 2015 simulate the building of library in Tianjin Polytechnic University using eQUEST [12].
Variables like light power density, indoor design temperature, and air supply temperature were
considered, and based on these variables the effect on total energy consumption was studied. However,
the researchers like Fahmy et al. 2019 modeled and simulated the historic building of Al Azhar for three
types of different wall materials in eQUEST [13]. While researchers over the world are working on fluid
flow, thermal analysis, and pressure study in buildings using CFD (Computational fluid dynamics). Arun
et al. 2005 studied the flow of air inside an enclosure by comparing the three models, i.e., SST (shear
stress transport) k-m, k-g¢ (renormalization group) and Reynolds stress model. As a result of the
simulation, they found SST k- best among the three [14]. Similarly, Verma et al. 2018 modeled and
simulated a ceiling fan for a hostel room in a university by using the SST k-o model [15]. For thermal
analysis, Balocco et al. 2008 compared the simulation results based on thermal performances of the wall
without insulation as well as wall with external insulation and found that the external cladding was an
effective approach to reducing cooling and heating loads with improved thermal indoor thermal comfort [16].

However, it is evident from the literature that indoor and outdoor conditions of the buildings with
different conditioning systems are greatly impacted by change in the climate. So, in this communication,
a novel approach is considered that includes use of Fluent, a module of Ansys and eQUEST. It involves
utilization of Fluent for evaluating the influence of climatic conditions on occupant’s comfort across five
climatic zones with special consideration on humidity and solar assessment. However, eQUEST was
utilized to study the impact of different climatic conditions on energy consumption. Atlast, the results
obtained from the simulations were utilized to calculate the indices like a predicted mean vote (PMV) and
predicted percentage dissatisfaction (PDD) for estimating thermal comfort inside the room.

2 Site Description

The envelope that has selected in the study is considered as an office room with a single floor area of
12.41 m® The envelope is simulated for five different locations based on different climatic zones of
India. The geographical position of locations are given in Fig. 1 and correspondingly the psychrometric
values that are selected in study are listed in Tab. 1. The room is rectangular with walls having an area of
10.05 m* and 13.45 m?, respectively. An occupant is considered inside the room with an equipped air
conditioner and ceiling fan which is shown in Fig. 2.
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Figure 1: Geographical position of the locations under different sets of climatic zones

Table 1: Locations and its psychrometric values selected for study

Climatic ~ Location selected Longitude Latitude Average Relative Humidity ratio (gm

zone (°E) (°N) temperature humidity  of water vapor/kg
COIl171 () [17]  dryair)

Hot & dry Jaisalmer 70.922 2691 40 42 0.020

Warm &  Thiruvananthapuram 76.93 8.52 30 81 0.024

humid

Cold & Srinagar 74.79 34.08 25 45 0.095

cloudy

Moderate Bengaluru 77.58 12.97 25 68 0.015

Composite New Delhi 77.20 28.61 25 55 0.012

3 Problem Definition & Methodology

With the increase in the comfort requirement of humans, fulfilling energy demand in the building is an
important area of research. So, it is required to look out for the proportion of energy usage in buildings. More
specifically, cooling and heating loads calculations of a building we can select an efficient system that leads
to lower energy consumption with a higher level of comforts. In this communication, a typical room is
selected for analysis of various loads using eQUEST. For this, a simplified heat balance method is used
by eQUEST to calculate the system and space loads. In the “LOADS” function, the heat gain for the
zone is calculated by defining zone temperature from weather data files. Then, the cooling load is
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calculated based on internal energy sources and envelope gains. After that weighting factors method (hourly
thermal load calculation) applied to zone materials to evaluate the amount of energy stored that on a later
stage is released into space. cQUEST uses design days based on user-defined or ASHRAE data. The data
defined is used as input in the “LOAD” subroutine to evaluate peak values. These values can be used to
select and size the appropriate HVAC system based on the climatic conditions. Another problem, which
is observed in the daily life of a human is inadequate thermal comfort in an envelope. So, it is important
to figure out the inner conditions of the envelope with better thermal comfort and quality of indoor air.
CFD-based calculations are used in this study which works on the principle of the Navier Strokes
equation (NSE). The effect of solar radiation is also applied to the envelope by using Solar loading for
human comfort modeling. This uses a solar ray tracing algorithm for incident solar radiation on an
envelope which results in predicting the direct illumination energy source. Based on the results obtained
from the simulations, the thermal sensation scale of Fanger [18] viz PMV followed by PDD-based
calculations were performed to study the thermal comfort inside the building envelope the thermal
sensation scale is presented by Fig. 3. Equation of PMV is given as:

PMV =(0.303¢ %Mz 1 0.028){ (Mg — Wg) —3.05% 10>
% [5772 — 6.99(Mg — W) — P — 0.42(Mg — Wg) — 58.15] — 1.7 % 107> % My

(1)
% (5867 — P) — 0.0014 My % (34 — T) — 3.96 % 10~ x foy 5 (T + 273)4 — (T, + 273)4
_fcl*hc*(Tcl_T)
fu= 14031, 2)

where ‘i, represents the clothing insulation which has been taken as 0.50 for a casual clothing. On the
solution of the above equation, it helps in obtaining the PDD value. PDD denotes the proportion of
people that feels discomfort with the corresponding envelope environment. Equation of PDD is given as:

4 2
PDD = 100 — 956(0.03353 PMV*+0.2179PMV?) (3)
BTN O Ceiling Fan
Inlet of Air
Conditioner
Building Envelope
Occupant
v

Figure 2: Side view of building envelope
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Figure 3: Thermal sensation scale

4 eQUEST and ANSYS Analysis

For making analysis realistic, a similar building envelope was developed in the two programs. In
eQUEST building was selected as an office building with an area of 12.41 m? and a DX-cooling system.
The roof and floor are considered to be consist of 0.2032 m thick with no external insulation. Walls are
modeled by a custom layer of brick with 0.1016 m thickness and 0.7211 W/m-K thermal conductivity.
No doors and windows are considered on the envelope as it has been assumed that air-conditioners is
working for maintaining the indoor temperature with all windows and doors to be closed. So, the
simulations are conducted for closed volume. For analysis five days a week is considered to be occupied
and two weekend days to be unoccupied with 8 working hours with an occupant. As the room is
considered as an office room and in between the office hours space is utilized by a single person. An air
conditioner as a DX-cooling sytem and a ceiling fan are considered inside the envelope which consists as
the major energy consumption devices.

Standard conditions are used for an air conditioner that is provided in the DOE 2.2 database. Relative
humidity, global radiations, dry bulb temperature, dew point temperature, wet bulb temperature are some
parameters that are provided according to the different locations weather data. In ANSYS 18.2, design
modeler is used to create a three-dimensional(3D) model of the envelope with a volume approximated to
be 37 m® and a height of 3 m. Similarly, the envelope created is considered as a typical office room with
a fan and an air-conditioner. Modeling of the fan is a complex task and requires large computational
power. For reducing this power and time, the circular disk is developed as a ceiling fan as air originates
from fan fins only. So, axial theta and radial component are provided to the outer ring of the fan as
momentum sources but it should be ensured that no air is originating from the central hub. 0.2 and 0.6 m
are the hub diameter and fin length used for study respectively. 3D model of envelope created by ANSYS
is shown in Fig. 4. In order to discretize the envelope into a number of parts meshing of ANSYS 18.2 is
used. So, every node of the mesh structure is accompanied by the volume. The mesh structure is
generated by using adaptive size functions having a total of 11722 nodes and 52130 elements. 60 and
8 N/m® are given as the axial and theta momentum source for downward motion and rotation of air
originates from the fan. Effect of relative humidity (RH) has been taken inside the envelope according to
different locations and therefore Humidity ratio (HR) has been involved in the room as the input
parametrs. The values of RH and HR for five different locations are given in Tab. 1. Global radiations are
considered using different latitude and longitude angles of the locations. Air conditioner inlet has been
taken on the wall from which air is originating with temperature and velocity of 297 K and 3 m/s
respectively and the total air flow inside the envelope have been influenced by combined effect generated
from air conditioner and fan. The occupant considered has a metabolic rate of 80 W/m?> which is taken as
heat flux originated from the body while the person is standing in an office [19] with heat coefficient rate
taken as 8.41 W/m?-K. Also, the different boundary conditions are listed in Tab. 2.
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Figure 4: Isometric view of building envelope in ANSYS
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Table 2: Boundary conditions of the domain in ANSY'S

Models used Standard parameters Influencing Impact on  Parameters for analysis
conditions

Viscous (SST k-  Atmospheric Pressure = Solar Fan Axial momentum = 60 N/m?>

o) Radiation 1.01325 bar conditions and Theta momentum = 8 N/m>

(Solar loading) Gravitational humidity . _ 3

Species transport  Acceleration = (Referred from Radial momentum = 0 N/m

9.81 m/s? Tab. 1) Air N Temperature = 297 K
conditioner Ajr velocity = 3m/s

Occupant  Metabolic rate = 80 W/m?
[19]
Heat coefficient
rate = 8.41 W/m?>-K

5 Validation of Results

Bellos 2016 building model has been recreated for the validation of eQUEST results [20]. In their study,
energy consumed by cooling and heating systems calculated from eQUEST and was compared with
TRNSYS results. 100 m? of the area with 3 m of height was considered as dimensions in their study with
customized layer materials of walls, roof and ground having an overall heat transfer coefficient of
0.39 W/m?-K, 0.37 W/m*K and 0.30 W/m*-K, respectively. The comparison between their results
(Bellos 2016) and the recalculated values of cooling and heating energy load is shown in Fig. Sa.
Similarly, validation of ANSYS 18.2 approach has been done by recreating the room 1 of [21] in design
modeler of workbench. They have considered ceiling fan as a cylindrical disc in their study with 1.4 m &
0.2 m swept and hub diameter respectively. 8 points are considered in two vertical planes with height of
0.65 & 0.15 m from the floor for measurement of velocity inside the room. In the analysis, comparison
between the simulated and the measured values of air velocity in the room is represented by Fig. 5b.
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Figure 5: (a) Comparison of results in Bellos 2016 [20] (b) Velocity comparison between simulated and
measured values of Room 1 [21]

6 Results and Discussion

In this study, eQUEST and ANSYS simulations on building envelope are performed for five different
locations of India. Results simulated from eQUEST are shown in Figs. 6a and 6b which include
representation of annual energy consumption and peak thermal load for envelope respectively. Jaisalmer,
Thiruvananthapuram, Srinagar, Bengaluru and New Delhi are the five locations studied and by
concerning their data files, annual energy consumption by space cooling, ventilation, and pump
auxiliaries are discussed. With this, peak thermal load calculation for a maximum temperature day of a
year is also reported. Peak thermal load graph in Fig. 6b represents that Jaisalmer, Thiruvananthapuram,
and New Delhi show the maximum capacity of thermal cooling load. The annual energy consumption is
also seen in these locations because these zones are high-temperature regions and consume maximum
energy for space cooling. The maximum thermal heating load is noticed in the Srinagar region with
minimum actual energy consumption because it is a cold and cloudy region, consumes a lower amount of
energy for space cooling but requires energy for space heating. Bangalore being a moderate climatic zone
requires a normal amount of energy for space cooling and less amount of thermal heat load depends on
the longest cold nights. So, it is important to study the effect of different climatic zones on building
envelopes.

(a) Annual Energy Consumption (b) Peak Thermal Load
New Delhi _ New Dehi |
Bengalury | — Bengalury |
" w
s — s )
o o
S S
Thiruvananthapuram - Thiruvananthapuram T ——————
saasimer | —— Jaiasmer |
0 200 400 600 800 1000 1200 0 05 1 15 2 25 3 35
Energy Consumption (kWh) Thermal Load(kW)
® Pump and Auxilary ®Fan ®Space Cooling ® Heating Load  m Cooling Load

Figure 6: (a) Annual energy consumption (b) Peak thermal load
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Similarly, results simulated from CFD-based simulations are used for the analysis of airflow, variation of
temperature and range of humidity inside a typical office envelope for different longitudes and latitudes of the
locations. Based on these results, PMV-PDD is checked to derieve the envelope indoor thermal comfort level
for the people in the selected space. Air flows generated in the space due to ceiling fans and air conditioner
are no-uniform in nature. So, it is important to select a best-fitted turbulence model. SST (k-®) is chosen
based on the study by [21].

For, studying change in indoor air quality due to presence of moisture inside the envelope, the species
transport model is adopted. Along with that, the effect of climate on the envelope is studied for five locations
using the solar ray-tracing model. The solar radiation incident at the south-facing wall of the envelope and
results in the rise in temperature of that area, conduction takes place from the south side is represented by
three planes at the centre of the envelope. Velocity streamlines show the movement of air generated from
the air-conditioner and ceiling fan and how it behaves inside the envelope is represented by Fig. 7. The
velocity of air in the envelope ranges from 0 to 3.712 m/s. In our conditions, we have simulated that
velocity remains the same inside the envelope for all zones. Figs. 8a—8¢ show the temperature contours
inside the envelope for five zones. The temperature of all zones are ranging from 297 to 314.50 K. The
maximum and minimum peak temperature is noticed for Jaisalmer and Srinagar, i.e., 314.50 & 308.8 K
respectively. The heat is conducted inside the envelope from the walls depending on the ambient
conditions. Some red color zones near the walls show the conduction from the wall to the inner volume.
Some sky-blue color regions are also observed which shows the temperature inside the envelope ranges
from 297-300 K. However, the blue zone is seen just below the air conditioner which represents a little
lower temperature. Also, in terms of temperature, it has been observed almost uniformity is attained
inside the envelope.

0.000e+00
[m s7-1]

Figure 7: Velocity streamlines of air originate from an air conditioner and ceiling fan
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Figure 9: Relative humidity contour inside the room (a) Jaisalmer, (b) Thiruvananthapuram, (c) Srinagar,
(d) Bengaluru & (¢) New Delhi
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Here, Figs. 9a—9¢ represent the moisture behavior which is present inside the envelope in terms of air
relative humidity (RH). By observing the contours of all locations, 88.9% humidity has been noticed for
Thiruvananthapuram as it is a warm and humid climatic zone and 44.01% for Jaisalmer which comes
under the hot and dry climatic zone. However, there is a blue color patch that shows humidity lesser than
1% for all locations. This is because the air comes from the air conditioner and it acts as a dehumidifier.
Also, it has been observed that RH is dependent on the climatic conditions of the zones. It is seen that
inside the envelope the RH ranges from 19.2% to 55% which is shown by the orange color. So, RH is
uniformly distributed in the envelope.

I  Outlet of Air
Conditioner

3 4 5 6 7 8 9 10
T e - - -

A

4.07m

Figure 10: Envelope showing the selected points considered for studying PMV and PDD

Based on the data simulated from ANSYS PMV and PDD have been calculated for five locations by
taking a reference plane at the center of the envelope. So, the plane is considered at 1.5 m height with
10 equidistant reference points which is shown in Fig. 10. On the basis of the length of the plane the
different values of temperature and pressure are noted in ANSYS. The calculated values of PMV & PDD
inside the envelope with respect to reference points for five locations are shown by Figs. 11a and 11b. It
has been observed that the value of PMV is ranged from —0.50 to —0.99 for all zones. As per Franger,
—1 to +1 is the range of comfort for people with men vote value. The maximum values of PMV are
negative due to the usage of a higher capacity of an air conditioner in a small envelope. However, the
percentage people dissatisfaction for these locations is observed in the range of 13% to 30% on the basis
of PMV values. As noticed some of the values are reaches to —1 which is maximum in the case of
envelope walls. Although it is not necessary to evaluate the value of PMV-PDD much nearer to these
points as people will not stuck with the envelope wall. So, on the basis of results it is evident that climate
plays a crucial role in designing of the building with respect to achieving thermal comfort.
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Figure 11: (a) Predicted mean vote & (b) Predicted percentage difference of five locations

7 Conclusions

By analyzing the envelope based on two software’s for the five locations, following conclusion were

made.

(@)

(i)

(iii)

(iv)

eQUEST results represent that Jaisalmer is having the maximum annual energy consumption
among five zones, i.e., 1286 kWh due to the highest requirement of space cooling in that
region. Similarly, cold and cloudy region Srinagar shows the minimum thermal annual energy
consumption of 505.04 kWh due to the minimum demand of thermal cooling load in that region.
Air is originating from the artificial sources viz. ceiling fan and airconditioner. Hence, streamlines
of air inside the envelope are going to spread similarly in each of the cases and air velocity in each
case varies between 0 and 3.72 m/s, respectively.

The peak envelope temperature has been ranging between 314.5 to 308.8 K depending on the
different climatic zones. Relative humidity ranges between 19.2% to 55% inside the envelope
for all zones.

PMV-PPD showed in Figs. 9a and 9b gives a range of —0.50 to —0.99 for all zones and signifies
that 13% to 30% of people are dissatisfied with the indoor environment of that zones, respectively.

8 Recommendations

It is evident from the PMV range, i.e., —0.50 to —0.99 which is a slightly cool condition (according to
Fanger thermal sensation scale) for the occupants that is due to the usage of overrated equipment in the
envelope. However, on the basis of PMV values, we can also define the optimal equipment for each
climatic zone through which energy consumption in the building will reduce. In addition, buildings with
passive concepts can also be designed by studying the climatic and indoor environment conditions for
achieving thermal comfort with lower energy consumption.
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