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Abstract

High energy consumption is one of the major problems in the world scenario
today and this issue is seriously focused on educational buildings. In this study,
an educational building, smart class room of a school in Tamil Nadu, India is
considered for the analysis of energy consumption, by employing an
optimization technique. Among the various kinds of class rooms in school
building, smart class room is identified as the most energy consuming room and
for this room, optimization of air conditioning system is performed though
Taguchi’s grey relational method. Location of Air conditioning system, exhaust
location, air conditioning system tonnage capacity and set point temperature are
identified as control parameters, and thermal comfort index through predicted
percentage dissatisfaction (PPD) and energy consumption are considered as
output responses. Finally, ANOVA calculation is made and the most
influencing control parameter, set point temperature of air conditioning unit is
identified.

Keywords — Energy Audit, Grey Relational Analysis, Optimization methods,
Smart Class room, Taguchi’s DoE.



146 V. Thiyagarajan, T. Tamizharasan, N. Senthilkumar, B. Karthikeyan

I. INTRODUCTION

The use of energy in buildings has increased in recent years due to the growing demand
in energy usage for heating and cooling in buildings. Without energy, buildings could
not be operated or inhabited and hence the importance of energy efficiency is observed.
Electric energy consumption in buildings is becoming an important issue for individual
as well as for public organizations. Among all the sectors, buildings have the greatest
quota, which is about 40% of all the energy consumption in the country [1]. In that,
schools provide the opportunity to promote building energy efficiency for tomorrow’s
citizen in the most effective way [2]. Katafygiotou and Serghides [3] studied the energy
conservation in a school at Cyprus at three different locations such as inland, costal and
mountain, and observed that schools with insulated building, horizontal roof and
internal corridors consumes comparatively less electrical energy. Study shows that
energy efficiency is very important in school buildings as it is associated with comfort
and air quality conditions in their interior, and energy costs of these buildings are
associated with their main operational costs [4]. Due to the high occupation density of
classrooms (close to 1.8 m?/pupil), excessive human internal gains during working
hours, increased ventilation requirements and high visual environment standards exist
in order to ensure an internal environment that can provide proper health and mental
conditions. There is an increasing awareness throughout the globe for promotion of
sustainable solutions in school buildings involving energy efficient technologies and
measures [5]. Sait studied the electric energy consumption for an educational building
located in Rabigh city, 150 km North of Jeddah city, Saudi Arabia [6], by recording
temperature and relative humidity for several places inside the building. Based on the
analysis of auditing exercise, some recommendations were suggested to reduce the
electric energy consumptions which can reach up to 35.3%. The A/C units’ efficiency
can also be increased by 31%.

Wang et al. [7] proposed retrofit schemes for HVAC system and after the retrofit of
building envelop, comprehensive consideration of energy efficiency and economic
benefits are observed and, overall energy efficiency is increased by 71.20%.
Chowdhury et al. [8] analyzed the energy performance of institutional buildings in
subtropical climate to assess the energy consumption pattern through the analysis of the
historical energy consumption data by the buildings in an academic institution located
in the subtropical region of Australia to analyze the effects of climatic variation on
energy utilization. Thewes et al. [9] analysed the energy consumption of 68 school
buildings in Luxembourg and suggested that reducing the heating demand through
better airtightness and high wall insulation consume less electrical energy. Lara et al.
[10] identified that 30 % of the Italian schools have very low energy efficiency due to
aging or poor quality of construction. Desideri and Proietti [11] performed energy audit
on thermal and electrical for school buildings of a province in central of Italy. Energy
analysis of the school buildings showed that electric energy consumption was between
15% and 25% due to non-A/C sources, while thermal consumption contributed up to
80% of the total annual energy consumption. A building gains heat energy as well as
losing it, and both processes usually occur at the same time. In locations with a
temperature climate, the overall gains are less than the overall losses, but the heat gains
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may still provide useful energy savings [12]. The factors affecting heat gains are
indicated in Fig. 1.

The temperature inside a building should be kept at a constant comfort level, with
appropriate variations between areas of the building and the times of their use. To keep
inside temperatures constant, the heat flowing out of the building needs to be balanced
by the same amount of heat energy input into the building.

From this review the importance and need of energy audit in school buildings is
observed. Hence an initial attempt is made to conserve electrical energy for a smart
class of school building. Generally smart class rooms are attached with Air conditioning
system for providing good thermal comfort. However, most of the time either proper
tonnage capacity of Air conditioning system is not installed or the air conditioning
system is not running for good thermal comfort. Due to this reason, smart class rooms
consume more electrical energy and hence, present study is focussed to identify the air
conditioning system’s best tonnage capacity, set point temperature and location of air
conditioning unit through an hybrid optimization approach, Taguchi’s grey relational
analysis.
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Figure 1 Typical heat gains in a building [12]

Il. SMART CLASS ROOM SETUP IN SCHOOL BUILDING

In school building, a smart class room of size 7m x 5m x 3m (Length x breadth x height)
with air conditioning system is considered for analysis and optimization. This class
room size is taken from the one of the school that meets the standard size for 30 numbers
of students, in Trichy, Tamil Nadu, India. In this study, the objective of the optimization
IS to minimize energy consumption for an acceptable thermal comfort. The factors that
are considered for the optimization are location of air conditioning unit and exhaust for
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indoor from ground level, air conditioning system tonnage capacity and air conditioning
system set point temperature. The first two factors are generalized with class room
height as Hin* and Hout* and hence, this optimization study can fit to any height of the
class room. The energy consumption for one hour and the students thermal comfort
index- predicted percentage dissatisfaction (PPD) is determined, as per experimental
design. The energy consumption for one hour is measured experimentally from the
existing class room for one hour during the period of 1 pm to 2 pm in the month of the
May by energy meter. The PPD index is determined from the Predicted Mean Vote
(PMV) which is the function of metabolic rate, indoor temperature, indoor air velocity
and thermal resistance of clothing. In this study, the metabolic rate and thermal
resistance of clothing are considered as 70 w/m2 and 0.16m2 K/W. The indoor
temperature and air velocity for the nine experimental cases are numerically simulated
and predicted.

1. METHODOLOGY

In recent years, Computational Fluid Dynamics (CFD) technique has been widely used
in aerospace, vehicle aerodynamics, food processing industries, HVAC, building
airflow and indoor environment.
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Figure 2 Flow chart representation of steps followed in CFD simulation [15]
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Computational fluid dynamics technique numerically solves a set of partial differential
equations for the conservation of mass, momentum, energy, chemical species
concentration and turbulence quantities [13]. The solution provides the detailed field
distributions of velocity, temperature, pressure and turbulence parameters for the
modelled fluid domain. Its application become more and more popular in all
engineering and non-engineering stream due to its increase in computational power and
the improvements in turbulence modelling [14]. Many commercial software based on
CFD code have been developed like Fluent, CFX, Tascflow, Phoenics, Flovent and etc.

Study of ventilation in buildings by analytical and experimental method is an
approximate and expensive testing methodology respectively. Also these methods yield
either bulk value for flow variable values at specific locations [16]. However, CFD
technique is the cheapest method and also it predicts the flow variables value for the
whole fluid domain [17]. The basic steps involved in the CFD simulation is discussed
from the respective flow chart as shown in Fig. 2. The geometry for the smart class
room is modelled as 3 dimensional in the Gambit software and is shown in Fig. 3.

Air conditioning
Unit

Figure 3 Schematic model of Smart class room

The created model is meshed with tetrahedral hybrid T-grid type with the size of 0.2
and the mesh size is checked for grid independence. The created model is exported to
the FLUENT software for solving the flow. The boundary conditions specified are as
follows: Solar radiation data for the month of May at the location 10° 48' N latitude and
78° 41' E longitude are specified at the roof top. This solar radiation value is converted
into Tsolar through the Eq. (1).
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where Ta is the ambient temperature, o, absorvity, g, solar radiation and ho convective
heat transfer coefficient at the outer surface.

The supply air temperature and velocity of the air conditioned unit is specified
according to the experimental runs. The heat generation from the human beings are
assumed and specified as 100 W/m?, K-¢ turbulence model is employed to define the
turbulence nature of flow. The Turbulent intensity and length scale are defined as 4.4%
and 0.1m respectively. The room domain is analysed under steady state with double
precision segregated solver up to the convergence level of 10°. The above numerical
simulation is validated with the experimental predictions made by various researchers
[18]. In this validation, the same roof model is modelled in GAMBIT software and the
same boundary conditions are applied. The FEA predicted temperature at the bottom of
the roof surface are compared with the experimental predictions and is shown in Fig. 4.
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Figure 4 Validation of CFD simulated temperature with Experimental value [19]

I11.1 Taguchi’s Design of Experiment

Taguchi’s Design of Experiments (DoE) is a statistical technique that is used to study
many factors simultaneously and most economically [20]. By studying the effects of
individual factors on the results, the best factor combination can be determined. When
applied to a design, the technique helps to seek out the best design among the many
alternatives [21]. Taguchi’s technique is a powerful tool in quality optimization.
Taguchi’s technique makes use of a special design of Orthogonal Array [22] to examine
the quality characteristics through a minimal number of experiments [23]. The
experimental results based on the Orthogonal Array (OA) are then transformed into S/N
ratios to evaluate the performance characteristics.

In order to analyze the energy consumed in a smart class room, a suitable orthogonal
array is formulated to conduct experiments for varying combinations of different
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parameters considering human comfort. The parameters considered in this work is:
capacity of AC unit used, its positon, output set temperature and ventilation position.
Table 1 shows the different parameters chosen and their level values for numerical
simulation study.

Table 1 Chosen Parameters and its Level values for Simulation

Parameter / Level Level | Level 2 Level 3
Height of AC unit (m) 2 1.5 1.2
Height of Exhaust (m) 2 1.5 1.2
AC Capacity (Ton) 1 1.5 2
AC Temperature (°C) 15 20 25

The minimum number of experiments to be conducted for the parametric optimization
is calculated as, [(L-1) x P] + 1 =[(3-1) x 3] + 1=7 = Lo. The various combinations of
AC capacity, its set output temperature, its position in the wall and the position of
exhaust with respect to the ground condition, designed using Taguchi’s DoE is
presented in Table 2.

Table 2 Experimental Lo Orthogonal Array for AC performance

Trial | Height of AC Height of AC Capacity | AC Temperature
No unit (m) Exhaust (m) (Ton) (°C)
1 2 2 1 15
2 2 15 15 20
3 2 1.2 2 25
4 1.5 2 15 25
5 15 15 2 15
6 1.5 1.2 1 20
7 1.2 2 2 20
8 1.2 15 1 25
9 1.2 1.2 15 15

For analysis, there are three categories of performance characteristics, (i.e.) Smaller-
the-better, Larger-the-better and Nominal-the-better, to determine the Signal-to-Noise
(S/N) ratio in Taguchi’s technique [24]. The impact of noise factors on performance is
measured by means of S/N ratio. If the S/N ratio is larger, the product will be more
robust against noise. For Smaller-the-better category, the quality characteristics are
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usually an undesired output and for Larger-the-better category, the quality
characteristics are usually a desired output and for Nominal-the-best category, the
quality characteristics are usually a nominal output.

Smaller-the-better (Minimize):
S/N :_1OIog(%nyj (2)
i=1

where ¥, represents the experimentally observed value of i experiment and n is the

no. of replications of each experiment. Smaller-the-better objective is to reduce the
value of the quality characteristics to the smallest possible value zero, which is the ideal
or target value e.g. energy consumption.

1.1l Grey Relational Analysis

Grey Relational Analysis (GRA) is used to determine the optimum condition of various
input parameters to obtain the best quality characteristics [25]. Grey Relational analysis
is broadly applied in evaluating or judging the performance of a complex project with
meagre information. However, the data to be used in Grey analysis must be pre-
processed into quantitative indices for normalizing raw data for another analysis [26].
Pre-processing raw data is a process of converting an original sequence into a decimal
sequence between 0.00 and 1.00 for comparison. If the expected data sequence is of the
form “Smaller-the-better”, then the original sequence can be normalized as,

X*(k) — max Xio(k)_xio(k)
' max x” (k) —min x” (k)

(3)

where x% (k) is the original sequence, x*i (k) the sequence after the data pre-processing,
max X% (k) the largest value of x°% (k), and min x% (k) imply the smallest value of x% (k).
Following data pre-processing, a grey relational coefficient is calculated to express the
relationship between the ideal and actual normalized experimental results [27]. Thus,
the grey relational coefficient can be expressed as,

_ Amin +C'Amax
20020 can

where Aoi (K) is the deviation sequence of the reference sequence, which is given by,

(4)

Agi(K) = % () = (k)| (5)
A = maxmaxx; (k) = ; (k)]
. (6)
Ay = Minmin on(k) - X (k)H

Vijei WV
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{ is distinguishing or identification coefficient: {& [0, 1]. { = 0.5 is generally used.

After obtaining grey relational coefficient, normally the average of the grey relational
coefficient is taken as the grey relational grade. The grey relational grade is defined as,

== 360 )

IV. RESULTS AND DISCUSSIONS

To Numerical simulation method using Fluent software is employed for all the nine
experimental runs in Lg orthogonal array [28] and the average temperature and velocity
are predicted at the heights of 1.2, 1.5 and 2 m from the floor. Later the predicted mean
vote value for the nine cases are determined from the Fanger’s equation [29] and the
Predicted Percentage Dissatisfaction (PPD) is calculated [30]. The predicted PPD and
energy consumption for the nine experimental cases are given in Table 3.

Table 3 Lo Orthogonal array with experimental runs and results

Trial No | PPD % | Energy consumption ( kW-h)
1 31.500 1.028
2 38.700 1.394
3 67.000 1.852
4 70.000 1.205
5 6.900 2.100
6 57.500 0.957
7 34.200 1.913
8 84.900 0.896
9 9.300 1.565

The velocity vector plots and temperature plots shown in Figure 5 to Figure 13 for a
plane parallel to the floor at the mid height of the room is shown for the cases analysed
in the Table 2. Cases 5 and 9 shows the indoor temperature value comparatively as low
and this is mainly due to the AC set point temperature at 15°C. This is not reflected in
the case 1 since the AC tonnage capacity is low. The location of AC unit and exhaust
unit from the ground level also plays the major role in the distribution of air. If the both
units are the same height, then the conditioned air from the AC system directly vents
out through the exhaust without taking the heat from the indoor space. On the other
hand, if the AC unit is at higher level in comparison with exhaust then the air from the
air-conditioned unit not effectively absorbs the heat from the floor level.
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Figure 6 Velocity and Temperature distribution for Trial no. 2
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Figure 11 Velocity and Temperature distribution for Trial no. 7
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By proving the AC unit system lower than the exhaust system carries the heat at the
floor level and makes good comfort for the occupants and later the warm air rises, vents
through the exhaust. This phenomenon is clearly observed from the velocity and
temperature contour plots. Among the analyzed cases, case number 3 and 4 shows
elevated temperature at the same plane and this due to the fact that the AC unit supply
air temperature is at 25°C. Also, the case 3, 5 and 7 shows high indoor velocity at some
local regions and this is due to tonnage capacity of AC unit system. Even though, the
AC tonnage capacity enhances the good reach to the supply air, the indoor thermal
comfort is not highly influenced by the tonnage capacity and this clearly evident from
the ANOVA result. Also, the reach of supply air to the entire indoor space is not enough
even for high tonnage capacity of AC unit system. Additional systems may be used to
enhance indoor air circulation to provide better indoor thermal comfort to the
occupants. In this study, both the output responses, PPD and energy consumption to be
minimized. A hybrid optimization approach: Taguchi-Grey relational analysis is
applied to obtain the optimum conditions [31].

Table 4 Determination of S/N ratio and Normalizing sequence

Trial No. S/N ratio Normalizing Sequence
PPD Energy Consumed | PPD | Energy Consumed
1 -29.966 -0.240 0.605 0.161
2 -31.754 -2.885 0.687 0.519
3 -36.521 -5.353 0.906 0.852
4 -36.902 -1.620 0.923 0.348
5 -16.777 -6.444 0.000 1.000
6 -35.193 0.382 0.845 0.077
7 -30.681 -5.634 0.638 0.891
8 -38.578 0.954 1.000 0.000
9 -19.370 -3.890 0.119 0.655

For this initially S/N ratio has to be determined and hence “Smaller-the-better” given
in (2) is selected for calculating S/N ratio. Followed by this, normalizing sequence of
grey relational analysis is calculated as per (3) as both the PPD and energy consumption
should be minimum. Table 4 shows the normalized data for the output responses, PPD
and energy consumed. After the normalizing procedure of data analysis, the deviation
sequence of the responses is determined, followed by determining the a grey relational
coefficient for individual responses and then a common grey relational grade has to be
calculated in order to convert the single objective optimization into multi-objective
optimization by considering the average values of individual grey coefficients of
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outputs as shown in Table 5.

Table 5 Grey relational coefficient and grade

Trial Deviation Sequence Grey Relational Coefficient | Grey Relational

No. | ppPD [ Energy Consumed | PPD | Energy Consumed Grade
1 10.395 0.839 0.559 0.374 0.466
2 [0.313 0.481 0.615 0.510 0.562
3 |0.094 0.148 0.841 0.772 0.807
4 10.077 0.652 0.867 0.434 0.650
5 |[1.000 0.000 0.333 1.000 0.667
6 |0.155 0.923 0.763 0.351 0.557
7 10.362 0.109 0.580 0.820 0.700
8 [0.000 1.000 1.000 0.333 0.667
9 |0.881 0.345 0.362 0.592 0.477

To determine the response table of grey relational grade, shown in Table 6, average
values of each parameter level is considered and from that the optimum conditions are
identified with larger grey grade. The best/optimal parameter levels are identified from
the response table as AC height of 1.5 m, exhaust ventilation position at 1.5 m, AC
capacity as 2 Tons and AC set temperature as 25°C. Response plot of grey relational
grade is drawn based on response table which is shown in Figure 14.

Table 6 Response table for Grey relational grade

Factors Level 1 | Level2 | Level 3 | Max - Min | Rank
AC Height 0.612 0.625 0.615 0.013 4
Exhaust Height 0.606 0.632 0.614 0.026 3
AC Capacity 0.563 0.563 0.724 0.161 2
AC Temperature 0.537 0.607 0.708 0.171 1

For determining the most influential parameters, ANOVA method is employed. Results
of ANOVA method is given in Table 7. With zero degrees of freedom of error, the
ANOVA table shown does not provide enough data. This happens when four input
parameters with three level values are considered and an Lg OA is chosen for analysis.
Hence ANOVA pooling is to be performed.
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Figure 14 Main effects plot for Grey relational grade

Table 7 ANOVA table of Grey relational grade before Pooling

Factors DoF |SS MS F Value [P Value |% Contribution
AC Height 2 0.0003 |0.0001 |*

Exhaust Height 2 0.0011 |0.0005 |*

AC Capacity 2 0.0520 |0.0260 |*

AC Temperature 2 0.0446 |0.0223 |*

Error 0 * *

Total 8 0.0979 |0.0122

Pooling is the process of ignoring a factor once it is deemed insignificant, which is done
by combining the influence of the factor with that of the error term. Pooling is a
common practice of revising and re-estimating ANOVA results [32]. A factor is pooled
when it fails the test of significance. Unfortunately, the test of significance can be done
only when the error term has nonzero DOF. Pooling is started with the factor that has
the least influence [33].

Table 8 ANOVA table of Grey relational grade after Pooling

Factors DoF |SS MS F Value |P Value |% Contribution
Exhaust Height 2 0.0011 |0.0005 |3.870 0.199 1.12%

AC Capacity 2 0.0520 |0.0260 |183.716 [0.005 53.10%

AC Temperature |2 0.0446 |0.0223 |157.398 |0.006 45.49%

Error 2 0.0003 |0.0001 0.29%

Total 8 0.0979 |0.0122 100.00%
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From the ANOVA table before pooling, it is identified that, height of AC position is
having the least influence; hence it is pooled as shown in Table 8. From the pooled
ANOVA table shown, it is evident that the capacity of the AC is the most prominent
parameter that contributes towards the grey relational grade by 53.10%, followed by
the capacity of the AC set temperature by 45.49% and position of the exhaust
ventilation unit by 1.12%. The ‘S’ value of ANOVA is 0.0118, R? value is 99.72% with
R? (adj.) value of 98.87%. Figure 15 shows the percentage contribution of input
parameters over the grey relational grade.

Percentile contribution of input parameter

0.29% 1.12%

|

® Exhaust Height = AC Capacity AC Temperature = Error

Figure 15 Percentage contribution of input parameters

IV.l Confirmation Test

From the hybrid Taguchi-grey relational method of optimization, the best levels of
values for the parameters position of AC unit, position of exhaust ventilation, AC
capacity and AC set point temperature are identified as 1.5m, 1.5m, 2 Tons and 25°C
respectively. For this parametric values the indoor thermal comfort index PPD is
numerically predicted as 33.7 % and energy consumption as 1.23 kWh, which is
24.62% and 14.34% lower than the average values of experimental PPD values. From
this study it is clearly observed that the positioning of AC system at the height of 1.5m
offers a good air circulation for entire class room and for an exhaust ventilation position
of 1.5m effectively ventilates indoor air.

V. CONCLUSION

In this study, analysis and optimization on energy consumption and indoor comfort are
made for a smart class of a school building. Taguchi’s grey relational technique is
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employed for the multiple objective optimization of energy consumption and indoor
thermal comfort. The control factors are identified as location of Air conditioning
system, location of exhaust, tonnage capacity of air conditioning unit and set point
temperature. Based on the optimization study, the best parameters for this multiple
objective are identified, and energy savings in comparison with existing smart class is
predicted as 1.23 kWh over a period of one hour. Finally, ANOVA identifies the most
influencing parameter as air conditioning system’s set point temperature. The results
predicted from this study is confined to this room, however this methodology can be
adopted for any kind of air-conditioned rooms.
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