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Abstract The rapid economic and population growth in developing countries, effective and effi-
cient energy usage has turned out to be crucial due to the rising concern of depleting fossil fuels,
of which, one-third of primary energy is consumed in buildings and expected to rise by 53% up
to 2030. This roaring sector posing a challenge, due to 90% of people spend most of their time
in buildings, requires enhanced well-being of indoor environment and living standards. Therefore,
building operations require more energy because most of the energy is consumed to make the
indoor environment comfortable. Consequently, there is the need of improved energy efficiency
to decrease energy consumption in buildings. In relation to this, the primary challenge of building
control systems is the energy consumption and comfort level are generally conflicting to each other.
Therefore, an important problem of sustainable smart buildings is to effectively manage the energy
consumption and comfort and attain the trade-off between the two. Thus, smart buildings are
becoming a trend of future construction that facilitates intelligent control in buildings for the
fulfillment of occupant’s comfort level. In this study, an intelligent multi-objective system has been
developed with evolutionary multi-objective genetic algorithm (MOGA) optimization method. The
corresponding case study simulation results for the effective management of users’ comfort and
energy efficiency have been carried out. The case study results show the management of energy sup-
ply for each comfort parameter and maintain high comfort index achieving balance between the
energy consumption and comfort level.
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The prompt rise in world’s energy consumption has been
observed for last two decades and is estimated to rise by

&

53% until 2030 (International Energy Agency, 2007). The sec-
ond largest energy-consuming sector after transport is build-
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approximately, one-third of the global energy, thus touching
40% of buildings’ primary energy consumption in developing
countries (Costa et al., 2013). The factors contributing this
energy level mainly involve population growth, increased
building amenities, and improved comfort index along with
the time spent inside the buildings, show an upward trend
for rise in building energy demand in near future.

The building operations need improved energy efficiency to
decrease energy consumption. Conversely, the attainment of
quality indoor environment requires more energy. Hence, an
important problem of sustainable smart buildings is to achieve
the trade-off between the requirement of power and the occu-
pant’s comfort. The main factors in the tropical areas, which
define quality lives of occupants in the indoor environment
are temperature, humidity, illumination and air quality. There-
fore, an intelligent control of the thermal, humidification, illu-
mination and air quality, comfort factors, is important for
energy efficiency and occupants’ quality of living.

Generally, temperature defines thermal comfort in indoor
building environment, whereas other factors are supposed to
be subjective for simplification of the control system. Auxiliary
cooling and heating system is employed to maintain the temper-
ature inside the building environment. Relative humidity is a ris-
ing concern inside the buildings of tropical climate areas, due to
very hot and humid environment. Thus, relative humidity factor
indicates humidity comfort inside the buildings. Auxiliary dehu-
midifiers and humidifiers are employed to maintain the relative
humidity in indoor building environment. Illumination level
describes the visual comfort and artificial lighting systems are
used with actuators for illumination controls. CO, concentra-
tion is used as an index to measure the air quality comfort and
ventilation system is employed for attaining low CO, concentra-
tions (Hussin et al., 2014). The prime objective of the control of
building energy management system (BEMS) was to maintain
high comfort index and reduce total energy consumption.

Various conventional on/off and proportional integral
derivative (PID) control schemes have widely been applied in
buildings (Mathews et al., 2000). These have shown unsatisfac-
tory performance at instants when, system peak demand
occurs, prompt overshoot of set point and enormous time-
delays with nonlinearity been observed (Li et al., 20006). Several
artificial intelligent techniques have been anticipated including
fuzzy logic systems (FLCs) (Kukolj et al., 2001; Kolokotsa,
2003), neural networks (Curtis et al., 1996), neuro-fuzzy sys-
tems (Chen et al., 2006) which have been intensive on specific
types of buildings. The pervasive monitoring of human atti-
tude has been addressed in Liu et al. (2010). Multi-agent con-
trol scheme has been proposed to manage energy consumption
and comfort employing particle swarm optimization (PSO)
(Yang and Wang, 2013). It also uses graphical user interface
(GUI) for occupants in order to manage building operations
(Wang et al., 2010). The model predictive optimization with
linear programming method has been employed in
Dagdougui et al. (2012) using LINDO system tool. Moreover,
the detail review on control systems and the optimizations in
buildings have been presented in Shaikh et al. (2014a).

Nonetheless, multi-objective optimization techniques have
been proposed (Nguyen et al., 2014) to instantaneously deal
with multi-modal problems generally in conflict with each
other. The evolutionary algorithms turned to be the most
popular and widely used optimization method for resolving
multi-objective problems. Genetic algorithm (GA) being the

meta-heuristic, population based technique can instanta-
neously explore and utilize various solution space regions.
GA being very suitable for Pareto optimality set in complex
spaces. Various multi-objective genetic algorithm techniques
exist for assigned fitness, maintaining diversity and preserving
elite solutions. Multi-islanded genetic algorithm (MIGA) and
simple genetic algorithm (GA) have been used for energy con-
servation and comfort management developed in Safdar and
Dohyeun (2013), and this employs MIGA at the input fuzzy
parameters optimization for environmental difference. Wang
et al. (2011), proposed multi-agent controller structure to man-
age energy consumption and occupants’ comfort. It employed
particle swarm optimization (PSO) at the central agent to
observe the trade-off solutions for informed decision-making.
However, yet multi-objective genetic algorithm needs to be
employed for several strategies. To accomplish, the distributed
control of several comfort demands, the main task of the
intended building control systems is to figure out the feasible
distribution of energy for the higher comfort level possible.
Besides optimization the studies consider individual comfort
parameters such as mostly thermal and visual, while air quality
is considered in combination of the two others. However, the
thermal loading is increased in tropical climatic regions where
heavy rainfall, in this context relative humidity parameter
within the buildings is significant for various health issues.
Therefore, the system should be capable to accommodate the
varying user preferences. Therefore, the intended building con-
trol systems may take both maximizing the comfort level (ther-
mal, relative humidity, visual, air quality) and minimizing the
energy consumption as objective. This should also provide
multiple optimized trade-off solutions to users for their specific
choices. This is considered as multi-faceted problem, in which
the objective functions to be optimized generally are in conflict
with each other.

This study is the advancement of our previous works as in
Shaikh et al. (2014b) and Shaikh et al. (2016). The major con-
tribution of this study is an added comfort parameter of relative
humidity. Therefore, in this study, a multi-agent coordinator
system has been developed for energy consumption and envi-
ronmental comfort management. The system aids in developing
the energy consumption of the actuator system. In addition to
this, an evolutionary multi-objective genetic algorithm
(MOGA) has been employed for attaining trade-off between
energy consumption and comfort. The significant contributions
of this manuscript are the addition of humidity comfort param-
eter along with its model function. This parameter of humidity
comfort has been integrated with other three parameters of
thermal, visual and air quality comfort. Implementation of
multi-objective genetic algorithm has not been employed in this
kind of study and the modification of the comfort function as
an additional parameter has been integrated. The remainder
of the paper is organized as follows: Section 2 describes the
overall system model and framework, and Section 3, in detail
the algorithm for multi-objective optimization problem. Simu-
lation results and analysis are given in Section 4, whereas Sec-
tion 5 presents the conclusion and future works.

2. System framework and modeling

The multi-agent coordinator system comprises of the master
coordinator agent and peripheral coordinator agents for each
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comfort parameter. The master agent coordinator is capable of
coordinating all peripheral coordinating agents. It allows the
occupant’s preferences and coordinates with the optimization
algorithm in order to maximize the user set value as quick as
possible. The evolutionary optimization method uses the net-
work knowledge and permits consumer to state the required
comfort range to tune and update the best set points in each
step. Its function is to optimize and update the set point values
of master and peripheral coordinator agent, thus, adding intel-
ligence to the system. The main aim was that, when the periph-
eral coordinator agent cannot reach the required target, the
master coordinator agent will offer more power for attaining
the desired set value as soon as possible. The entire optimiza-
tion system framework has been shown in Fig. 1.

The users can set their different comfort range based on
their preferences, which is represented as, [Cpin, Cmax], Where,
“C” denotes the required comfort parameter. In this study, the
parameters selected are thermal, relative humidity, visual and
air quality comfort. The users are allowed to set their specific
requirement of the comfort value. This signifies the optimizer
to achieve the targeted comfort in contrast to its best capabil-
ities ensuring all the indoor and outdoor information satisfying
their needs.

The management of building energy and comfort is through
distributing the entire system into various subordinate systems.
Primarily four comfort parameters have been considered,
include thermal, visual, air quality and humidity. These com-
fort indexes have been corresponding to temperature for ther-
mal comfort, artificial illumination for visual comfort, CO,
concentrations in air for air quality comfort and relative
humidity for humidity comfort respectively. Moreover, the
actuator systems that drive the comfortable environment con-
stitutes of auxiliary heating and cooling system for thermal
comfort, electrical lighting system for visual comfort, auto-
mated window and fan operations to maintain CO, concentra-
tions for air quality comfort and dehumidifier/humidifier
systems for humidity comfort.

The fuzzy controllers are utilized to compute the power
demand by each environmental parameter to maintain a high
comfort level with the control of corresponding actuators.
The implication of the fuzzy controllers helps to overcome
the nonlinear problems in the control process. The inputs to
the fuzzy inference system (FIS) of each parameter are random
data set processed within the standard ASHARE (ASHARE
Standard, 1992) comfortable range. The range has been pro-
vided with the set of intervals as proposed in the base quality

Multi Objective Optimization
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Figure 1

Optimization system framework.
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assurances plan (Mark, 1996) for sensor measurement accu-
racy. These set of inputs has been supplied to the FIS system
of each comfort parameter, which gives an output in terms
of power demand. Since all the parameters have been pro-
cessed in form of error values it transforms into a unit-less sys-
tem with common output power demand. Therefore, the
inputs and outputs of the FIS system have been treated with
the statistical curve to fit empirical model development. The
empirical models for each comfort parameter are capable of
closely intimating the behavior of the developed FIS system.
The FIS system characteristic membership functions and rule
bases have been discussed in detail in our previous work
(Shaikh et al. (2013a,b)). Moreover, the FIS provides empirical
model functions as shown in Egs. ((6)~(9)) having been
observed through the fuzzy inference system. The developed
functions for the power requirement of multi-agent coordina-
tor of each comfort parameter are determined as follows.
The four control variables of temperature, relative humidity,
CO, concentration and illumination are provided through sen-
sors as inputs to compute the desired power.

Meanwhile, all the power demand empirical models have
been added together that constitute of four variables (that
are four comfort parameters). On the other hand, comfort
model function has been utilized from the literature (Wang
et al., 2011) and has been modified with an additional relative
humidity comfort factor constituted in the range of [0, 1]. This
is due to the subjectivity of the comfort index; therefore, con-
sider 0 being the lowest comfort level and 1 being the highest.
As comfort for each individual varies, so, it is measured in
terms of dwellers’ percentage satisfaction; defined in terms of
discomfort, utilizing the error between the measured sensor
values and the user set points.

The two objective functions power demand and overall
comfort constitute of four similar variables to be dealt with
the multi-objective optimization techniques. Since the opti-
mization has to be simplified in form of either minimization
or maximization, indeed power demand needs to be minimized
whereas, overall comfort has to be maximized. Here as the
overall comfort is subjective represented in percentage there-
fore the function has been transformed to minimize the overall
discomfort, simply by subtracting the overall comfort from the
highest possible comfort level. Therefore, for the objective
functions of overall comfort and energy consumption of the
targeted comfort parameters are set as the vectors of four deci-
sion variables.

The demanded power in the building, allows the actuator
system of each comfort parameter to cause variation in the
indoor environmental parameter of the building. The key goal
of the entire automation process is to achieve the required
comfort index in the building. The level sensor sub-systems will
give feedback to the environmental variation for calculating
the input error to the fuzzy system. This feeds back the power
demand to the master coordinator agent determining further
adjustment of power demand. In relation to this, when the dif-
ference between set point and sensor value decreases, the
power demand by the actuator system decreases and ulti-
mately, the comfort value increases. Consequently, the selec-
tion of comfort set points has impact on both the energy
consumption and the comfort level.

These coordinator agents acquire adjusted set points from
the master agent controller and real time indoor environmental
parameter. It provides the actual power demand for the actu-

ator system to maintain the required comfort level. However,
fuzzy rule base and membership function help to compute
the required power during indefinite circumstances. In this
proposed system, it is primarily supposed that the building
indoor environment is very sensitive to the outdoor environ-
mental variations. Therefore, the building indoor environment
is closely following the change of outdoor environmental con-
ditions, if no optimal system is applied. In that case, the ambi-
ent environmental parameters can serve as the input signals for
the building control system. Besides, building optimization
system it also considers the inhabitant’s preferences for the
attaining the user centered design.

Comfort = 1 — Discomforty (1)

Broadly, when dealing with each comfort parameter into a
single function the weighting factor needs to be added and can
be written mathematically as follows:

Overall comfort = Zw,- - comfort (2)
i=1

i=

where w; is the weighting coefficient and for comfort; is the
each factor. Furthermore, in Eq. (2) expressively for each com-
fort parameter of thermal, relative humidity, visual and air
quality comfort it can be written in the form as follows:

2 2
EThermal ERHr
Comfort =w |1 — | ——— 1—

Tempsel

2 2

1_() 1_(%02”
LuXq AQy

The prime control goal is to maximize comfort under vari-
able operating conditions. wy, w,, w3 and wy are the user defined
weighting coefficients of importance provided for each comfort
parameter. These weighting coefficients are in the range of [0, 1]
and generally expressed as w; + w, + w3 + wy = 1. On the other
hand, Tempg., RHry Luxs, and AQ, are the set points of
temperature, relative humidity, illumination and indoor air
quality respectively. The user preferences and adaptive rules,
which reflect the human behavior pattern to determine four
set points. Ernermals CHumiditys CLux> and Eco, are the differences
between the measured sensor values and set point values of
the each comfort demand factors. The weighting coefficients
and set points of environmental parameters are defined by
the user’s based on the occupant’s preferences. On the other
hand, the measured values of the environmental parameters
are obtained from the peripheral agents for computing the
differences.

The power requirement function will be computed at the
local control level, but as the demand rises by the individual
agents, the power demand function will supply accordingly
as described in the following pattern;

Premp(t) + Prur(?) + PrLux(f) + Paq(t) = Pin(?) 4)

+ wy

+ w3 + wy

Pin(l) < Pmax(t) (5)

The Py, is the actual power supplied from the utility electric
grid and P,y is the maximum power that can be supplied by
the electric grid.

The peripheral controller agents were developed to control
thermal, humidity, visual and air quality comfort factors. The
fuzzy controllers were utilized to calculate the power demand
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by each environmental parameter for maintaining high com-
fort level with the control of corresponding actuators. The gen-
eralized functions were developed for the power required by
each subsystem. This power function has been compared to
the power determined by the supervisory agent to adjust the
real amount of power used. The actuator systems then drive
the auxiliary heating/cooling system, electrical lighting system
and air-quality system for all environmental parameters.

The temperature index is utilized to evaluate the thermal
comfort in the building environment; thus, a linear best fit
stochastic empirical model is derived with 98% confidence fit
interval.

Premp = 5.655 % Tremp + 2.961 (6)

where Premp i power required for the temperature control
actuator and Tremp, is the temperature control difference input
value.

The per unit relative humidity is used to evaluate humidity
comfort in the building environment; thus, a Gaussian model
best fit stochastic model is derived with 98% confidence fit
interval.

_ RHr—0 9594)3

Prur = 13.23 % e( 06572

(7)
Pry; is power required for the temperature control actuator
and RH, is the relative humidity control difference input value.

The lux metric is used to evaluate the illumination level of
the building environment; thus, the sum of sine model is best
fitted and shows 99% confidence level fit.

Prux = 4.428 % Sin(0.9603 * I ,x — 0.4234) (8)

P; is power required for the lighting control actuator and /; is
the lux control difference input value. On the other hand, the
CO, concentration is used to evaluate the air quality index
measured in ppm in building indoor environment; thus, the
Gaussian model is best fitted and shows 99% confidence level
fit.

WaQ 1163)2

Prg =9.444 « e(_ 3 9)

Paq is power required for the air quality control actuator and
Waq is the CO; concentration control difference input value.

3. Multi-objective optimization (MO) algorithm

Multi-objective optimization tries to improve vector-valued
cost function components generally in conflict with each other
(Nguyen et al., 2014). The aim of multiple objective optimiza-
tions was to find the solution set diversity, decisive with trad-
ing off among various objective functions. Multi-objective
optimization has been applied in various fields of electrical
engineering problems and yet at initial stages developing inter-
ests of researchers, where optimal decisions required for the
presence of trade-offs between two or more contradictory
objective functions. Moreover, the Pareto optimal solution
set points will be generated in contrast to single solution as
in single objective optimization. The solution is known as
non-dominated, non-inferior Pareto efficient, mean if no
objective function can be improved without degrading the
other objective function. Therefore, MO usually looks for
“trade-offs”, rather than single solutions when dealing with
multi-objective optimization problems. The MO problem

requiring the optimization of “n” objectives may be formu-
lated as follows: General MO problem can be mathematically
represented in Eqgs. (10)—(12);

[1(%)]
Si(x)

MOP min F(x)= | = | n>2 (10)
Lfo(x) ]

Subject to,

C={x:h(x)=0, g(x) <0, a<x<b} (11)

where, x = [x}, X2, ¥3,...,%,]" = Q (Parameter Space)  (12)

A point x* € C is Pareto Optimal (or non-dominated) for
multi-objective optimization problem (MOP) if and only if
there is no xe&C such that f(x)<fi(x*) for all
ie€1,2,3,...,n with at least one strict inequality.

“F(x)” is the objective vector, the C represent the con-
straints and “x” is a P-dimensional vector representing the
decision variables within a parameter space “Q”. The space
spanned by the objective vectors is called the objective space.
The subspace of the objective vectors, which fulfills, the con-
straints, has been called the feasible space.

A genetic algorithm (GA) is a population based stochastic
approach and is suitable for multi-objective problems. GA is
capable to stochastically search various regions, instanta-
neously in a solution space and discover trade-off solutions
for different problems with discontinuous, non-convex and
multi-modal solution space. The GA is capable of intuitive-
ness, easy in implementation, and solves nonlinear problems
and mixed integer optimizations. It simply works with objec-
tive functions rather than the requisite of derivative and other
auxiliary information. It parallel searches in population and
implements probabilistic rules, which proceed toward opti-
mum solutions using genetic operators and converge to high
quality solutions within the few generations with minimized
computational costs (Horn et al., 1994). In order to generate
fresh non-dominated solutions in unmapped Pareto front mea-
sures, the GA crossover operator uses creditable solutions with
regard to various objectives. Adding to this, MOGA does not
necessitate scale, order or weigh objectives, thus being the most
popular heuristic approach for multi-objective design and
problems (Horn et al., 1994). Fig. 2 below shows the pseudo
code that depicts the working of MOGA.

4. Results and discussion

In this section, a case study has been presented. The building is
assumed to be in the islanded mode and has been supplied dis-
tributed renewable energy sources. Here, six 4.5-kW solar pan-
els and equally 5-kW wind turbine generators are used (green
energy ohio, 2013). The total amount of power being generated
with these renewables is shown in Fig. 7 on a 24-h time
domain. The storage bank constitutes batteries of 45 kWh,
with minimum storage threshold of 4.5kWh have been
selected for distributed energy storage. In most of the entire
day, the distributed energies are not capable to fulfill the com-
plete power demand of the building. In this regard, the
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L = 800 lux and AQg, = 800 ppm and equal weighting
coefficient for each comfort parameter has been set as one-

Beoi fourth (1/4).
egin

t=0
Initialize population of chromosomes P(g);
Evaluate the initialized population bycomputing its fitness measure
P(g);
‘Whilenot termination criteriado
g=gtl;
Select P(g+1) from P(g);
Crossover P(g+1);
Mutate P(g+1);
Evaluate P(g+1);
End While
Output results to external archive
End

Figure 2 Pseudo code for multi-objective genetic algorithm
(MOGA).

stochastic optimized, control system distributes the available
power, sensibly and maximizes the overall comfort index inside
the building.

In the simulation, the occupants’ comfort ranges for the
various control tasks are set at Temp = [67,78] (°F), RH, =
[0.40,0.60] (p.u), Lux = [750,880] (lux) and AQ = [400,880]
(ppm). These comfort ranges, sever as the bound constraints
in the stochastic MOGA to drive out the optimal set points
tuning in each time step. The set points targeted for each com-
fort parameter are set at Ty = 71.6 °F, RHr, = 0.5 p.u,

The MATLAB® simulation platform has been used for the
building energy and comfort management. The optimization
tool box has been used for the MOGA algorithm for the gen-
eration of Pareto front trade off solution set. The initial set
parameters for the GA has been selected as the following:
number of variables are four as the comfort parameters repre-
senting temperature, relative humidity, illumination level and
CO? concentration. Constraints provided in the simulation
were Lower bound [670.40750400] and upper bound
[780.60 880 850] representing the respective comfort parameter.
GA parameters use the following; population was selected as
500, selection function employs tournament method, crossover
rate was set at 0.8, mutation rate was selected default of con-
straint dependent, migration was in forward direction with
the fraction of 0.2 and an interval of 20 has been kept. On
the other hand, the multi-objective problem settings use
default distance crowding for the function of distance measure
and the Pareto front population fraction was selected as 0.35.
However, the simulation stopping criteria were having the
default settings; comprising of generations: 200 * number of
variables, time and fitness limit was set infinite, stall genera-
tions use default value of 100 and the fault tolerance was set
at le-4. The simulation output describes problem type as
bound constrained and generates 175 points on the Pareto
front. The average distance measure of solutions on the Pareto
front has been observed at 0.0063. The spread measure of the
Pareto Front was 0.5049 and the number of generations was
125. On the other hand, the function counts were observed
as 62,401 and the final message was displayed as “‘optimization

Temperature (F)

!

Time (Hours)

Figure 3  Temperature set points with and without MOGA.
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Figure 5 Illumination set points with and without MOGA.

terminated: average change in the spread of Pareto solutions
less than options. TolFun.”

The optimized indoor environmental set point variations
over a day of 24 h are shown. On the other hand, the optimized
temperature, humidity, illumination and air quality set point
variations are shown in Figs. 3-6 respectively. However, the
overall power consumption has been shown in Fig. 7. The
overall power consumption is 654.082 kWh, whereas the total
power been generated with the distributed renewable is
971.803 kWh, showing significant amount energy saving. The

overall actual and optimized comfort index has been shown
in Fig. 8. On an average the overall actual comfort 87.25%,
whereas, the optimized comfort after MOGA has been
improved to 99.73%. In spite of energy shortage from the
renewable energy generation, the intelligent optimized system
has distributed the energy appropriately for attaining the
improved indoor comfort level. These results make evident
that the system can be optimized by regulating the comfort
ranges and along with this, it also proves the effectiveness of
multi-agent coordinator system and MOGA optimizer.
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Figure 7 Overall power consumption with MOGA.
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Figure 8 Overall comfort level with MOGA.

5. Conclusion

The major challenge of building automation system is to bal-
ance the conflict between the occupant’s comfort and the total
energy consumption. Thus, in this paper, the multi-agent con-
trol system technology has been developed for the optimized
and intelligent control of the building indoor environment.
Thus, it is more concerned about occupant’s preferences and
attaining their desired comfort. The multi-agent system has
presented its capability in controlling a convoluted building
system. The designed control system considers both energy
efficiency in terms of power supply and consumption of entire
system balanced while maintaining occupants’ comfort. More-
over, the user’s preferences are also taken into consideration
for maintaining the required comfort level. In spite of total
energy supply of renewable resources, MOGA has shown to
be advantageous for maintaining high comfort level. This will
make the occupants more informed prior to make their deci-
sion. Furthermore, other optimization techniques will be
employed for evaluation of added intelligence in future work.
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