CEMA: Comfort Control and Energy Management
Algorithms for use in Residential Spaces through

Wireless Sensor Networks

by

Rami F.Z. Henry

A thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
in partial fulfilment of the requirements
for the M.A.Sc. Degree in

Electrical and Computer Engineering

School of Information Technology and Engineering
Faculty of Engineering
University of Ottawa

© Rami F.Z. Henry, Ottawa, Canada, 2010



Abstract

In recent years, many strides have been achieved ar¢heof Wireless Sensor Networks
(WSNs), which is leading to constant innovations in tipes$yof applications that WSNs can
support. Much advancement has also been achieved in thefaamart homes, enabling its
occupants to manually and easily control their utilitgenses.

In this thesis, both areas of research will be celtlfibr a simple, yet critical application:

efficient and economical comfort control in smasidential spaces. The goal is to design a
central, modular energy consumption control systenndsidential spaces, which manages
energy consumption in all aspects of a typical resieemhis thesis is concerned with two facets
of energy consumption in residences. The first facebncerned with controlling when the
heating, ventilating, and air conditioning unit (HVAC) ofgesafor each room separately. This is
in contrast to a typical HVAC system where comfempiovided across the floor as a whole. The
second facet is concerned with controlling the lightmgach room so as to not exceed a certain
input value. The communication network that supports theatiain of these coveted goals is
based on Zigbeaterconnected sensor nodes which pour data unto a smanbstat which

does all the required calculations and activates the ie®dequired for comfort control and
energy management, if needed.

A Java-based discrete event simulator is then wrifeto simulate a floor of a typical Canadian
single-family dwelling. The simulation assumes errarlesmmunication and proceeds to record
certain room variables and the ongoing cost of operasoidically. These results from the
simulator are compared to the results of the welllmesimulator, created by DesignBuilder,
which describes typical home conditions. The conclugiom this analysis is that the Comfort
Control and Energy Management Algorithms (CEMA) are fdasand that their

implementation incurs significant monetary savings.
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Chapter 1: Introduction

1.1 Background

1.1.1 Wireless Sensor Networks

A typical WSN architecture includes intelligent end-nodéh Wuilt-in communication modules
[MahQ7], in addition to sink nodes in each transmission raamga if the WSN is especially
large, and a server to collect and/or parse the infoormativen. The exact components of a
WSN depend on the protocol used, but the above-stated comp@ne elements in almost all
WSNs. Examples of WSNs deserve a thorough literaguiew in and of themselves, but for the
sake of this discussion examples may be given: [l]tinghControl, Mip05], [II] Pet
Management SystemKimO7], [Il]] Greenhouse and general agricultural monitoririgoh07]
[Lee0q [YimO7], [IV] Intelligent Closed-Circuit Television (CCTMU)etworks Bha01, [V]
Industrial AutomationYamO08] [Zhe0§, [VI] and finally for communication in the battlefod
[Als08].

WSNs, in their simplest form, have many inherit chaji&shand issues that need to be dealt with.
For example, the following references deal with advamteouting protocols and Quality Of
Service (QoS)Man01] [Zha07] [Kou07] [Chu07] [Uma] [Mac0§] [Krc07] [Tah09] [Pan].

The references are devoted to the creation and adgpotWSN routing protocols that take into
account the inherent properties of WSNs. In addition,rditeeature has been devoted to the
area of QoS in WSN; that is, allowing the WSN to suppelay-critical applications, among
many other examples. Another example is security in $/SNe following references are
examples of papers discussing this isswani08] [Zha08] [Zia06]. The nature of the WSN in
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and of itself allows for huge gaps in security. These gaghsde the ease of physically
tampering with the end and/or sink nodes, tampering witkedh@nunication protocol and/or
cracking the encryption code typically used, among othenpbes of security breaches. The
referenced papers, among many others, discuss methods #@mmhabprotocols used to
safeguard against these potential security breaches.

1.1.2 Smart Homes

The second background topic to be discussed is in th@asesart homes. In traditional homes,
the occupant(s) controls the day-to-day activities efrésidence; the amount and expiry date of
food in the fridge, the lighting, the heating, cooliagd the operation of the Heating, Cooling,
and Air-Conditioning system (HVAC), etc. Of course, tineditional method has its advantages
and disadvantages. The advantages are obvious and dalia®py; the disadvantages,
however, warrant a discussion. Humans are not compatetghus it is impossible for humans
to accurately and efficiently achieve the optimum eneffjgiency regarding their use of
energy-intensive appliances. In addition, keeping tréeltl aspects of the residence together—
food, security, cleanliness, energy consumption, et@ristime-consuming and burdensome.
Also, in case of emergencies, occupants in a resideiidee much slower to implement
emergency response protocols than, for example, a cesgidence automated system.

Thus, the need arose for residences with a brairsmart homes. The term is very loose and
incorporates many types. This is a new and ongoing reseguichand incorporates many
different facets, such as smart homes with RFID flags0q [Dar08], smart homes that employ
information fusion Lit07], smart homes that employ an underlying IP Netw@#(Q7].

Generally though, a smart home is a residence whesateal computer offloads many mundane
day-to-day tasks from the occupants, in addition to providiigad care in case of emergencies
[TamO06] [Nat09]. The difference between Smart Homes is the takseaded and the type of
critical care provided. There is extensive literaturéhennetwork that forms the basis of these
smart homes@he0§ [Mor93] [Kas05 [Gil07] [Beg09 [Pap09, in addition to integrating

these Smart Homes with the Wehd07].
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Examples of smart homes abound but three types of afiphs will be discussed here. The first
example of a smart home is one which assists theleiddiving a normal life. As is well

known, elderly people sometimes pose a serious risk mastslges when living all alone in a
single-family dwelling. This is because they can fallitbé stairs, they often tend to forget, and
they find difficulty in buying groceries for themselves, examples of the difficulties they face.
Smart Homes can especially alleviate these diffiesilby performing these tasks for these
occupants. Studies and research papers delved into many ssiaopia@ll were essential for the
area of elderly care. These papers include ones aboubhaliew the system to learn the
occupants’ habitsamO0€|, using motion sensors to track the occupants in theehioghiding

the elderly Pud06], using fiber opticsfoo0q, and using audio sensotd¢HO6]. In addition,
smart homes have been tailor-made for dealing specyfiadtth emergencies for the elderly
[TamO6] and for dealing with quadriplegia patientszu07].

The second example of a smart home is a home riggedntztely monitor the general health
vitals of its occupants, also known as Tele-Health. &erhealth care is generally defined to be
health-care professionals monitoring the vital signseofain types of patients remotely, and
acting accordingly, including in emergencies. Many diffiétechniques have been employed to
achieve this goal, from sensors and Smart-Phdaag(f, detection of drifts and outliers
[Jai0g], to using a novel system called Data Management Sy$@bo06g. In addition,
architectural-based frameworks and frameworks for urbanemagnts have been discussed
[Val06] [Mor07].

The third and final example of a smart home is one &baergy consumption is monitored. For
instance, the province of Ontario is implementing smmatiers that tracks occupants’ electricity
usage throughout the day and places different prices thwatitfte day and during holidays, so
as to nudge people manually to move their heavy electrszae during off-peak periods, both
to trim costs and to ease the pressure off the elekpicl [Sma09. Smart meters are not
technically part of a smart home, but nonetheless important aspect of it. Other examples
include controlling the lighting of a smart structuv&d05], and a next-generation standalone
HVAC system Tak09].
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1.2 Thesis Motivations and Objectives

Energy management while achieving comfort control is tofgpriority if a country is to try and
control its energy consumption. As will be seerhm hext chapter, a lot of literature has been
written about the topic of energy management in honmesabout comfort control in homes,
separately. As of the writing of this thesis, verifdiliterature exists on the combination of the
two concepts; devising a central energy management cegst@ém which is responsible for
optimizing energy use faxistingresidential spaces without changing any of its underlying
systems.

Simply put, the motivation of this thesis is the develept of a simple, cheap, easy-to-install,
and efficient central energy-management system fateeal spaces. This system controls
everything and anything that consumed energy in a residepsiaé; from the HVAC system to
the lighting system, and so on.

Understandably, this is an enormous undertaking thategilire years of research and
implementations. Thus, this thesis is to concentratenly two aspects of this energy
management system, controlling the energy consumptihe dHVAC and the lighting systems.
It has been shown that these two systems are the bagesimers of energy in any structure,
including the residential type3§k09].

Thus, the objectives of this thesis are two-fold: trst dbjective is to prove qualitatively that a
comfort and energy management control system basedSis\W¢ feasible and realistic; that is,
it actually achieves the required comfort control. s thesis, the concept of comfort control is
restricted to the areas of HVAC and lighting contidle second objective is to prove
guantitatively, in the form of monetary savings, tha tdomfort control system outperforms a
traditional residential dwelling with no energy-saving nuees.
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1.3 Thesis Contributions

The first and main contribution of this thesis is ¢iheup of CEMA algorithms that allow, when
executed, a residential space to economically achievécdocontrol. The other contribution is a
Java-based, modular, and easily expandable discretesweitator to test the different CEMA
algorithm modules. These modules have certain inputs amgl forith outputs that satisfy the
main goal of this project, which is economical and tdastomfort control. The modules
represent different energy-consuming aspects of a ty@s@ential area. We have also designed
two modules to be added to our Java-based discrete-evenater; a module that describe the
CEMA algorithm for controlling a typical HYAC systefor each heating/cooling are@nlike
typical HVACs which control whole floors), and a moeltthat describes the CEMA algorithm

for controlling the indoor light intensities so as torbaintained at a constant level.

1.4 Thesis Outline

The rest of this thesis is written as follows. Chagtdiscusses previous literature on the subject
of overall comfort control in residential areasauhdition to a discussion on the network
protocols that support wireless comfort control schei@gapter 3 discusses the assumptions,
equations, and mechanical engineering principals CEMA iglbaisethen presents the
algorithms themselves. Chapter 3 also discusses thednethest the CEMA algorithms; i.e.:
the detailed workings of the standalone simulator, \AJlanguage it was written by, the
classes, the main event queue, and the Graphical UsdadetéGUI). Chapter 4 presents the
ensuing results of the program, given the course ofraotitlined in the abstract of this thesis.
This discussion includes extensive screen snapshdis pfoégram, any entailing intermediate
output files, and graphs that show and prove that thebewe-stated objectives were met.
Chapter 5 concludes the thesis and presents the finatkemn the issue at hand, and provides
areas of further interest and further research.



Chapter 2: Comfort Control and Energy Management

In Smart Homes — State of the Art

2.1 Introduction

The aim of this literature review is to present theuvaahe literature pertaining to the main
objective of this thesis; i.e.: to present literatdescribing past attempts at residential comfort
control. In addition, literature that describes the uygteglnetwork that supports a smart home
is also included. Each paper being reviewed is criticalyaed and its strengths and
weaknesses, as well relevance to this thesis, highlighted.

An important note is that very little literature tltambines energy management and comfort
control for residential spaces, exist. Literature exist each of the two issues at hand though, as
will be shown in this chapter.

2.2 Comfort Control and Energy Management

The first comfort control technology surveyed hera rgext-generation HVAC system without
the need for WSNSsTak09]. The paper applies this HVAC system to office buildjngst
nonetheless this system can also be downsized andarsegitiential spaces. This paper delves
into the inner workings of the traditional HVAC systendanodifies them to be 40% more

efficient in terms of C@emissions. This modification is numerically proven by@®Bphs that
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show that comfort has been reached (comfort being maiteally defined in the same paper
[Tak09]).

The authors ofTak09] then define the traditional HVAC system as being ditgvo types: the
Constant Air Volume (CAV) and the Variable Air Volur(@AV) types. Both deal with the heat
load of the room in different ways. CAV decreaseshit load via a constant air volume per
unit time. This is in accordance to the well-known psyoétric equations.VAV decreases the
heat load of a room by varying the incoming air volume evkdeping temperature constant. The
authors of Tak09] propose to use a modified VAV system; one which hadasics of VAV

but which also varies air temperature. The proposedmystbased on the optimization of
already existing documented comfort equations given in finarth source Tak09]. Their
contribution is the simplification of these extreammplex non-linear energy consumption
equations, which is needed in order to test whether tpgmization is viable or not. In
addition, the authors oTRk09] use, as an index to whether their system is achievingocgm
the result of the Fanger equations ASH81]. This result is called the Predicted Mean Vote
(PMV), and is defined mathematically iA$H81], [Tak09]. In addition, the authors show, from
[ASHB81] the area in the psychometric chart (whose purposgpkined in section 3.1.5) where
comfort is definedTak09]. The authors then attempt to describe, mathematicaty
relationship between realistic energy consumption (véipect to chilled water, electricity and
HVAC pump usage), PMV, and heat balances. These comgpiexps of equations (which are
impossible to solve using brute-force methods) are shoyirak09]. Figure 2.1 shows the
authors’ first major approximation: the division of offispaces into separate heating areas
which are independent of each other with respect tortektads Tak09]:
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Figure 2.1: DHC architecture in an office building

As can be seen here in this example, each floadependent of the other in terms of the heating
and cooling required. Each zone is called a disteating and cooling District Heating and
Cooling (DHC). As can also be seen, the key toogitemization of this system are the Air
Handling Units (AHU) units whose fans allow the @irpass by the chilled water in order to
lower its temperature (or pass by the warm waténdeease its temperature in winter months).
The DHCs are independent of one another becauseaitgeare insulated enough to render them
independent of one anothdrgk09].

The authors attempt to simplify the above-statedgiex equations to something that is more
solvable. The authors, without elaborating, hawgpsfied the main function using iterative
driving functions called Spline-Functionggdk09]. The authors then present the results of their
simulation using a set of inputs defined in thaiper and present the results in the form of
informative 3D graphs which link outdoor air temgitere, outdoor relative humidity, ambient
temperature, and PMV. These graphs prove that ts ectonomical way of achieving comfort
is taking outdoor air and cooling it via the AHWstead of re-circulating all or part of the air.
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Finally, using the derived iterative functions, tqgroximate energy consumed for both the
traditional and new HVAC systems is presented biglside. Figure 2.2 shows that the new

HVAC system consumes less energy:

| Oniginal HVAC
system

([

Optimal
Control system
._"_,..-"'"‘_

Primary Energy Consumption

12 3 4 5 8 7 o8 8 m 1oz
Jcith

Figure 2.2: Energy consumption for both HVAC system

This paper is of importance to our work, as thezatiion of independent heating/cooling zones
is adopted in this thesis, in addition to the cgbod measuring comfort quantitativelydk09].
However, there are also major differences betwetarance Tak09] and this thesis. In

[TakQ9], the authors delve deep into the inner workinghe HVAC system, and alter it
significantly. However, trying to implement thedeages to existing HVAC systems in homes
would be prohibitively expensive. Instead, the gifahis thesis is to simulate a plug and play
situation; a wireless sensor network that will lepldyed over existing residential HVAC
systems. The intent of this thesis is to prove tihatexpected system to be deployed improves
the energy consumption of an existing, operatiéhaAC system. In Tak09], the authors do

not mention where the traditional HYAC energy canption values in Figure 2.2 come from, in
addition to that no mention of the working of theaglation is given, as some examples of
perceived missing links in this paper. It is im@moitto note as of the writing of this thesis, most
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papers talking about improving HVAC performancegameral (whether for office or residential
spaces) speak about changing the inside workingsedfVAC controller, by adding
Proportional Integral (PI) controllers, for exampde making the AHU more efficienKpmO09]
[And08], instead of using existing HVAC systems as albla@x and making its operation more
efficient. Finally, the authors oThk09] do mention the inclusion of lighting control intieeir

new smart buildings, but do not elaborate.

The next paper does not speak about comfort coasral the past paper, but talks about
conserving energy through efficient lightind¢n]. It is important to state that most other
lighting controls utilize some form of network fibreir control Mip05] [Par07]; obviously
lighting cannot control itself and it is prohibigly expensive to reconfigure the wiring inside a
functioning structure.

There are some similarities between the main ideaference Men] and the light control
algorithm presented by this thesis. This papetsstaith an all-important diagram to show how
the authors prepare to tackle the lighting issuenimpen space office building floor:
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Figure 2.3: Lighting plan in the proposed officasp

As can be seen here, the lighting plan of the gen-office space is divided as follows: the area
is divided into a grid with evenly spaced squavat) a light sensor square in the middle of each
square. There are two types of lighting: major bead lighting, which when activated lights up
its square and the squares around it as seenuneF)3, and minor lighting, which lights up
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only the square that lighting is in. This obviousipdels major overhead lighting and desk
lamps in a typical office setting/len]. The sensors send their data to a sink whichmneoted
to the control host; i.e.: the brain of the program

The authors offlen] designed an innovative lighting control and dewiontrol algorithms that
form the backbone of this lighting control systélrn.understand these two algorithms, one must
understand the general architecture of the systeawehole, and the flowchart defining the
outputs needed from these two algorithms. Figurés@d 2.5 respectively show that.

Control Host

Sermor dada handler Dimmer handier
$
VSN Ergort forwarding Actuators Cammands
b A d—
Sink node A INSTEON PnP
k. -
Fixsd Portable -

Figure 2.4: System components of the proposeditigldontrol
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Figure 2.5: System architecture

From Figure 2.4, we can see how the system worgemeral; there are portable nodes attached
to the users (or attached in a way that sensemdivements of the user), and there are fixed,
light-intensity measuring nodes in the middle atreaquare in the grid shown in Figure 2.3.
This system is based upon two types of criterigrbldifferent lighting requests and trying to
match between them the best way possible, andotieecvation of energy. This is the reason
behind the decision handler module in Figure 2He fiest of the modules are thus easy to
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explain: The sensor data handler sends the appropriatzlsmssor data to either the user status
handler or the light intensity handler modules. Tiserstatus handler handles how the users’
movements affect the lighting (i.e.: user moved int@a area which was dark and now must
light up for that user), and stores the movementseotifier in a database. At the same time, if
and when these movements require lighting changeggeaitis sent to the Decision Handler
Module. This module takes in the triggers, if any, anditig Intensity sensor data as input,
then adjusts the major and minor lights according to tiahusers’ requests and the principle of
energy conservation. Figure 2.4 shows how the Decksamdler Module proceeds to do the
light intensity adjustment. An algorithm is run to deaidfethe light intensity of the major
lighting devices, then the module proceeds to issue theneods to the actuators in Figure 2.4
to dim the needed lights, if any. The same two procedhesgsdccur for the minor lights. This is
an innovative trick as the major lighting covers mamyases in the grid, then, if needed, minor
lights can be shut off or dimmed. This procedure is maisgd to conserve energyi¢n].

The rest of this paper is a complex mathematical arsabf the two light-intensity changing
algorithms, of which the basics will be shown and ereld here. First, the authors dé¢n]
state the following preliminary data and assumptions. 3ystem hag grids,n mobile users
with sensors attached to themmajor lighting devices, ant” minor lighting devices. The
mobile users inform the control host (in Figure 2.4) efrthurrent actions (such as working,
eating, etc.) and via an undefined (Wgn]) localization algorithm, the control host knows in
which square each user is. Each square in Figure 2.4 is déyaEgdl i k. In each square,
there is a fixed light intensity sendprl i k, and each portable user has a sepsar j n.
The light sources are denotBgto D, andd; to d,to denote major and minor lighting sources

respectively. The senstnearest t®; is denoted by . Since all users are mobile, to denote

the nearest portable sensor to the user a bound futhctiord(y) is required. This function
bounds at most one minor lighting device to one user. i$hathen one user moves in the
vicinity of at most one minor lighting device, this mirdevice may or may not be triggered.

This is independent from the triggering of the majortligdhdevices. The light intensities
captured by; andp; are denoted by ) and sp;) respectively. The authors state, accurately, that
there are many sources for the light intensities cagthy these sensors. Thus, the authors of
[Men] denote the contributions of the major lighting in sgulsand/or the minor lighting in f(

and sf;) as I0i) and I¢h) respectively. The referenclgén]draws from its fourteenth source the
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fact that light intensities are additive, and adaog to Figure 2.6 below, the normalized
degradation of light intensity is constant whatetyer intensity of the light. Note that these
readings are I(fo) versus the horizontal distance frdm
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. on-level 50% -3
> ™~ on-level 60% -
S 08 - e on-level 70% |
5 ' g on-level 80%
= g on-level 90% - --@--
= on-level 100% -4 -
_ﬁ, 0.6 | 1
g
4]
= 04 T 1
E - e
E M‘“'”rav.-_:,,. )
= gy
0.2 .
O 1 1 |
0 0.5 1 1.5 2

Horizontal Distance to fC(Di) (m)

Figure 2.6 : Normalized light intensity degradation

The lighting from the minor lights is assumed te affect the readings of the major sensors.
Also, it is assumed that there are no obstaclesdsat the major light®; and the major sensors
fi. Finally, it is assumed that one minor lighting/ide is sufficient for its user. As stated before
in this chapter, light intensities are additiveu$hthe authors oMen] state that the effect @
on I(foy) is 1 and the rest can be expressed as weightaatsay, where 0 w;' 1, and all of

w across and j are expressed in the following matrix:
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Taking into account that light intensities are addjtithe authors assume that light intensity in
general will come from three sources; sunlight,ddd the other lighting devices in the vicinity
[Men]. Thus, the total light intensity measured in alllof fixed sensors can be expressed as

follows:

Where $ Ssun, andLp arek*1 vectors representing the total light intensity measuredeffect
of sunlight measured on each sensor and the light iteasitributed by each lighting device.
As was stated at the beginning of discussing this papegadal of this part of the mathematical
analysis is to try and find an expression forand , so that the decision handler algorithms

can proceed correctly. The above stated can also bessegr as followsen]:

S can be measured at runtimgydcan be measured during the deployment phase, and W can
be measured during the deployment phase with the blindsingany effect of sunlight. Thus,
there is a mathematical method to compueSimilarly, the calculation of Lis straightforward
[Men]. It can be expressed ddé¢n]:

Pos & ( )

Where the three terms are the light intensity cbuated by the minor lighting devices, the total
light intensity measured from the portable sensor, antbthélight intensity measured
respectively. The above equation basically means tadigiht intensity contributed by the minor
light device in a certain square of the grid is the tiifiee between the total light intensity
measured from the portable sensor and the light intemgiasured by the fixed light sensor.
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This is of course assuming a user exists within the squdris &ound to the minor lighting
device.

After discussing the above points and receiving a matheah&irmula for L, and Ly, that is,

the light intensities contributed by the major and miighting devices respectively, the authors
of [Men] then discuss a method for obtaining the changestimatld be made by their system to
each major and minor lighting device. These light intgrchanges are denoted by And Ay,
respectively. These values are also m*1 &rid vectors, respectively; the first variable

describes light intensity changes required for majdttilg devices

, -/, 0 1,0 20 /g & 6

The second variable describes light intensity chanegpsined for minor lighting devices

’ ~. 7[0 710 20 .738@ 9

In order to achieve that, the authorsMih] follow the following steps:

Each user of the systamhas certain requirements as to the major and mintirlig
needed, if any. These requirements include the lightingereequirements for the major
and minor lighting devices in the grid the user is occupyiigs is assuming that the
minor lighting device always compensates for the dfiee in light intensity between
that needed by user and that offered by the major light source the usgr. ifhese
ranges for major and minor lighting device illuminatr@quirements can be described as

follows [Men]:
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The terms | and u denote the lower and upper bounds, reghgctiv

The lighting effect of the major light source of agr&d square on the other adjacent
squares must also be taken into account. This, in addd@ithe W matrix discussed
before, will help accurately satisfy the requiremetthe user. This new matrix is called
Ri, which is a k*1 matrix.i(G;) is 1 if square (Gs expected to receive lighting within the
major lighting requirement bounds of usgras discussed in the preceding point. For
illustrative purposes for their paper, they defingt® be a m*1 vertical vector whose

values are all 1, an-to be the following:

EF, G G
B G EF, G H
G G Hy

The requirements are then defined (satisfying user requitsmeathematically in the most
economic way possible) mathematically. Equation (2.10)ridbescthe first expression to be
solved for . Equation (2.11) describes the second expression to eidoly . Equations
(2.12) and (2.13) describe the two constraints used in solving fand Equation (2.14)
describes the same for.

|38, J\]
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Equations (2.10) and (2.11) describe the concept of conserdtemergy; that is, the changes
to the illuminations made by the major and minor ligitiievices respectively should be the
minimum changes possible to conserve electrical en&myations (2.12) and (2.14) are similar
in that both describe that any changes made to majanaraa light devices, respectively, to be
within the user-set requirements. The differenceas ithEquation (2.12), the changes in
lighting devices are subject to the matrix W to includedfiect of degrading light intensity
away from its source, and subject®eto include the effect of that a major lighting devitsa
illuminates adjacent squares. Equation (2.14) does notduaberestrictions as it is assumed
each minor lighting device is independent of the other. kaué2.13) simply states that any
change made to the major lighting device is to be witlennbaximum limit of the device itself.

The above-stated equations by themselves are very cotopdelve due to the nature of the
equations. Thus, the authors Mdn] propose a simplification; since minor lighting device
changes are not included in major lighting device cattuia (vice versa is not true however)
Ap can be solved for first (Equations (2.10), (2.12) and (2.2BgthenAq is independently
obtained (Equations (2.11), and (2.14)), taking into accourhaapr all changes made by.A
Ap is solvable by using the Simplex methddiejn], and Ay is simply the difference between the
lower bound user requirement and the mobile sensor readiag A is computed and executed.
However, a last problem must be tackled; what happerseifrequirements are in conflict with
one another? The authors dfgn] prove it is impossible to solve this issue as ihdta so they
propose that the user requirements be relaxed graduallp dedsible solution for Acan be
calculated. This relaxation is done in discrete stépswrse. The algorithm to solve fopAand
then Ay is as follows:

For each square;&heck and see which users are within the vicinitysofmiajor lighting

device. For each of these users, check and see if theemguits of the user overlap with
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the sensed light intensity values. If not, then tedilyiche user is not within the vicinity
of the major light source (because the requirementiseofiser were not satisfied), and
thus R is updated witls\ =0.

For each square, check and see whether there are comqomrements for the subset of
users stated in the previous point after the adjustmiénb&re are no common
requirements, find the minimum requirements that sasifyhis subset of users. For
each user in this subset, check whether the requiremkttiis user do not overlap with

the minimum requirements; if not, $&{\\x& = O for this user.

Solve Equations (2.10), (2.12), and (2.13) fer & no feasible solution is still found,
widen the lighting requirement range for each usererattiove stated subset by a pre-

defined constant. Then repeat this step again.

Finally, after a feasible fis found, pass through each minor lighting device. Ifehe a
user bound to it, set this minor lighting device accordingduation (2.4). If not, set it to
0.

Finally, the device control algorithm module is delved ,istad it is briefly stated that this
module takes Aand A from the lllumination Control Module, and then givegtinstions to the
actuators unto which lights to change and by what amoues€elthanges are of course finite
and are done in iterations until the new light intignis within range of the new target light
intensity, by a pre-defined amountin addition, the authors then delve into the detaithef
implementation they used to test their algorithMeif], including a Java program to implement

the illumination decision and device control modules.

This paper is extremely invaluable to this thesis for maagaes. First of all, it utilizes wireless
sensor networks for data collection and parsing, whitheigjoal of this thesis. Second, it

tackles goals which are more complex than the reqeinésrof this thesis with regards to

lighting control. For example, in this thesis, tighting in the rooms is separate and independent
of one another, yet there is input from sunlight argltbae taken into account. This means that
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most of the mathematical analysis employed in thispiap®t needed for the purposes of this
thesis. In addition, in this thesis, lighting from minighting devices, if any, is ignored.
Nevertheless, this paper is important in that it stédteslevices needed to implement the various
modules of the system.

2.4 Wireless Sensor Networks for Smart Structures

The last section of this literature review deals whi issue of the network used to support the
CEMA algorithms. The choice of wireless sensor netwbdssbeen explained elsewhere in this
thesis; but is being reiterated here: the use of WSNeeded for low costs, so as to be able to
incorporate it in existing Canadian homes. This literateveew explains the choice for the
networking protocol used. Three main types of communicgtiotocols for smart buildings are
discussed here: BluetootBd4g09, a novel protocol called EPI®EN0Y, and Zigbeellee0]
[Pen09. A representative paper from each category is providddhamitical analysis is
presented.

ReferenceBeg09, is about implementing two mundane smart structuretions; garage door
opener, and an electronic attendance system. It fatgssthe specifications and advantages of
using Bluetooth instead of other wireless network protocolssél'bpecifications and advantages
are as followsBeg09:

Bluetooth employs low power at operation and a low cost.

Bluetooth transmits around the 2.4 GHz band, which isanrtilustrial, Scientific, and

Medical (ISM) band and thus requires no license.

The range of transmission for an acceptable Bit Erede RBER) is around 10 meters.

Bluetooth employs the frequency hopping technique, hopping betinezpiencies in the
2.402 and 2.480 GHz range with the rate of 1600 hops/sec.
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Bluetooth networks are defined by a minimum of two unith@&network; the master,

and the slave, in the form of a star network. This isrsilled a piconet. The maximum
size of the piconet is one master and seven slavBtugtooth unit can be a slave in
different piconets or be a slave in one and a mastanother. This enables piconets to be

interconnected.

There are two types of Bluetooth connections; synchroBtuetooth connections
suitable for voice applications, and asynchronous Bluetoanhections, for time-

insensitive applications.

Bluetooth protocol utilizes the Host Controller InterfdekCl) protocol to form and

disseminate data packets.

The authors ofeg09 tackle details about HCI and Bluetooth that are beybadstope of this
literature review, and are too detailed for this thesis.

The authors then tackle the first application in whiety use Bluetooth; the automatic
attendance system. Note that BDAADR (see Figure 2.7¢isdhivalent of the MAC address in
the TCP/IP stack; it is the physical address of the Batbtdevice Beg09:
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Figure 2.7: The Flowchart for Automatic Attendance System
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Basically, if the user is entering or leaving the budgithe system records the user name and the
BDAADR address along with the date and time. If the BIDDis not in the system, the user is
recorded as a guest. Figure 2.8 shows the flowchartdaautomatic garage door opener

[Beg09:

G
v

Car enter

¥

Ultrasonic Sensor detects the

v

User activates Bluetooth Dev

BDAADR
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No

saved
BDAADRs?

'

Door remains close

Solenoid unlocks the door and [

motor opens the door

A

After car is parked, DC motoloses 4>< Stor )4

the door and the solenoid locks it

Figure 28: Flowchartof the witomaticgaragedoor opene

When the ultrasonic sensor detects the car, and Blie®ehabled, the system checks the
BDAADR address to see if they match what is in theéesys|f the addresses do match, the
system activates actuators that allow the user totparkar. If not, the door remains closed.

The system flowcharts are simple enough as is andseé®y to satisfy the two applications
shown (no implementation is given). However, theufoof this part of the literature review is
the discussion of the protocols used for the WSNs. Apeoison between the three past-
mentioned protocols is given after the three types obpaodd are discussed.

The next two representative papers discuss the concapingfZigbee in WSNs. Reference
[Lee0§ talks about using Zigbee-based WSNs to control the tdinmeglasshouses. The authors
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of [Lee0§ speak about using Zigbee for its ultra-low powensumption, its ease of installation
and its minimal need for manual setting up. Thea,authors discuss the different methods of
routing in Zighee, and state that there are thypes of Zigbee devices; Zigbee end devices (the
sensors), Zigbee routers (which act as clusterd)eadd Zigbee middleware that connects the
two [Zig06]. The routing method selected by the authorsassthtic routing method, since for
this particular application, no complications ie WSN routing protocol was necessary. There
has been no need to implement such protocols aCEEAvhich elects a random cluster head
and can thus be inefficient, or SPIN, which causege overhead to the system due to the
repeated retransmissions due to the flooding natttee SPIN protocollee0§. Thus, the
authors of this paper elect a direct one-hop caiorebetween the end devices, sink nodes and
the Zigbee router, as is shown in Figure 2.9, wieaeh vertical rectangle is a greenhouse, each
dark colored node is a Zigbee end device (a sensach light colored node is Zighee
middleware, and the two devices beneath the glasshilustrations are the Zigbee routers:
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Figure 2.9: WSN architecture for entire glass haumaplex
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As can be seen here, the authord.eED§g discard the more complex routing protocols ant op
for direct static routing. Finally, the authors iexment the system in actual glass houses, but no
mention of the results are given

This goal of referencéPen09 is to provide energy efficient Wireless Sensotviek for the
Smart Home Environment; exactly the kind of commation network required for the CEMA
algorithms. Referencd’pn09 for analyses four different WSN protocols, indlugla novel type
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the authors are touting, called EPIS. While performingdabmparison, the authors of
[Pen0gstate that Bluetooth employs a maximum of 8 units perrgt which puts it at a
significant disadvantage to Zigbee and EPIS. Also, Blubtbas a high power consumption rate
[Pen09, while EPIS and Zigbee share the concept of nodepisig until they are to transmit
and/or receive, resulting in much longer useful lifetifi®=n09 [Zig06]. In addition, Bluetooth
does not formally define ways of interaction betweerise users and providers, while Zigbee
has pre-defined methods of interaction. EPIS, on ther didind, has lighter interaction protocols
that are just as effective as Zigh&2h09, making them ideal for smart homes. While this is
true, it is obvious the EPIS protocol is still lab-wohlatt needs to be refined, while Zigbee is an
industry-tested protocol that has proven its worth.

Finally, an important communication protocol standardialding automation and control is
called BACnet, short for Building Automation and Contxgtwork DeC1(Q. This
communication protocol (ISO standard number 16484-5) wastedtlay ASHARE in 1995
[Mik0O], and updated rapidly since thddgC1Q. It was set to be used for wired
communications and not wireless communications, ingtidlhe main advantage of this group of
protocols is that multiple vendors with multiple seissor multiple control systems (fire alarm,
lighting, HVAC, etc.) could work together seamlessly urthe auspices of one major
communication protocol. Thus, the discussion of this paitis of importance to this thesis.

This protocol encompasses all layers of the OSI statkngludes versatility to allow multiple
data link and network layers. However, this protocol tasewn network protocols as well;
ARCNET, the Master-Slave Token Passing Network (MS/BRX;netoverlP, and LonTalk.
Figure 2.10 shows a typical architecture for a building nétwased on BACnetik00]:
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Figure 210: Typical BACnet rchitectur:

As can be seen, the network protocol that is usedhnect the heterogeneous sub-networks is
Ethernet, but this is not a rule and can be angrgthotocol. What is important is that there must
be gateways in place to translate any packets ls&ingor received between the sub-networks.

Another important standard feature of BACnet isfdet that BACnet devices and routers can
communicate with each other directly and remotelrdahe Internet; either through IP tunneling
(the Internet is transparent to the BACnet devargsrouters), or through BACnet routers that
communicate directly via IP, as is seen from Figlidel Mik0O0]:
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Figure 2.11: BACnet devices communicating direttlyach other via the Internet

Lately, there have been many research papers patlis the area of integrating Zigbee with
BACnet [Par071] and integrating BACnet with the Smart Grid iniive [DeC1q (the Smart

Grid initiative is a push by major developed coigsyincluding Canada, to allow the electrical
grid to be controlled by a communication mediumiHome automation and control). These two
important advances, in addition to other advanceastegration of BACnet with modern
technologies, promise to make BACnet a promisirdyiamportant smart building
communication protocol. However, using BACnet swgurrent wired form necessitates building
the structures from the bottom up to include thengi the sensors, and the other BACnet
devices and routers. However, this is very imprddabd costly, and thus using BACnet from
this approach is not feasible. However, given tleegsing surge in recent attempts in
integrating BACnet with wireless MACs, the Internichnologies such as XML, and the Smart
Grid, it remains to be seen whether BACnet willdiree a major player in the area of smart

home networks.
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2.5 Conclusion

This literature review has discussed the critical impaetaof energy-conscious comfort control
in structures by analyzing §k09] and comparing it and analyzing its pros and cons with the
objectives of this thesis, in addition to short anaysieother related papers. Then, energy
management algorithms, have been explained by analydieg][ along with short analyses of
other related papers. Finally, the topic of the WSNs&mgurotocols needed to support smart
homes has been presented. This has been done by compeegrevalent communication
protocols: Zigbee, Bluetooth, EPIS, and BACnetd0g [Beg09 [Pen0g [Mik00] [Par071],

and proving that Zigbee is the most feasible and aitteact them all. It remains to be seen,
however, how much the integration of BACnet with catr@odern communications protocols
and systems is successful, and would thus be an at&r@dsitiorm on which Zigbee routers and

devices can communicate.



Chapter 3: CEMA Algorithms and Simulator

3.1 Preliminaries: CEMA Algorithms

3.1.1 Introduction

In this chapter, an in-depth analysis of two ComfortBndrgy Management Algorithms
(CEMA) is presented; controlling HVAC operations and ooliihg the lighting of a typical
home. In addition, an option of adding a humidifiethte control system is also presented.
Before the algorithms are presented, an overview odénlggneering concepts behind the
algorithms is discussed, in addition to the design o¥M®N used to support the CEMA
algorithms. Then, flowcharts for each type of CEMA aildpons are examined.

The simulator written to test these two CEMA alduris is then presented. The choice of the
programming language and development environment are discussed,tion to presenting the
backbone of the simulator, the main components ofithelator, and the simulator inputs and
outputs. Finally, the sections of code and the .d fileitten by others are presented, explained,
and their contributions recognized.

27
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3.1.2 Heat Load and HVAC Wattage Calculations

60 0
DRY BULB TEMPER

13.0 3.5 14.0 14.5
SPECIFIC VOLUME, cuft /1b Dry Air

Figure 3.1: The psychometric chalidr]

One of the basic scientific principles known to math& energy is neither created nor
destroyed. This concept applies to countless applicatiothsilly activities, and comfort control

is no exception. The founding principle of the engimegeaf comfort control is that energy is
neither created nor destroyed; it only flows from seaavith higher energy to an area with
lower energy. Thus, this energy flow must be contdodie artificially reversed in order to
maintain a sense of comfort. This energy manifesgdfiin the temperature inside the residential
space; the more the energy inside the enclosed spadagtter the temperature, and vice versa.
Energy is transferred between spaces through conductiomection and radiation. These three
types of energy transfer in turn affect relative hutyidnd other factors according to well-
known physics laws. These laws are laid out and explameualltiple reference books

employed in this thesi<lar65], [ASH821], [ASH82], [Jon94], [ASHO0§], and Bel08]. As a

note, these reference books all explain the more @af@ating/cooling load and HVAC
wattage design that will be discussed later on in thapteh.

Figure 3.1 shows the backbone of all the calculatiogarding comfort control; the
Psychometric Chart. This chart shows the many thernadic properties of wet air (i.e.: air



Chapter 3: CEMA Algorithms and Simulator 29

that has water vapor) at a constant pressure, bagbe tiiree methods of heat transfer outlined
above. This chart connects dry bulb temperature, wéttbutperature, and specific volume of
dry air. In addition, the graph connects humidity raimal enthalpy of dry air to the before-
mentioned axes. In order to accurately describe howarticdn be mathematically maintained,
a discussion of these axes must be pres¢ta®5] [Jon94.

The Dry Bulb Temperature refers to the famous wayedsuring temperature in a
conditioned space, which is using a thermometer. ThasumitFahrenheit.

The Wet Bulb Temperature measures the saturation withiwater vapor, taking into
account the dry-bulb temperature, the relative humidibg the air pressure of the air in
the conditioned space. This measurement is done by measmipgrature using a
thermometer whose sensing bulb is covered with a veai@ted material. The unit is in
Fahrenheit.

The Specific Volume of the air is the volume ofgiiren a unit mass. It is used to
measure how dense the air in the conditioned spadatye to the other properties of
the air in the conditioned space is. The unit is‘ibt

The Humidity Ratio measures the amount of water veglative to the total mass of air
in the conditioned space, in grains of water vapor to gadmir (7000 grains = 1
pound).

Enthalpy measures the energy stored inside an airohassonditioned space. This
energy includes all types of energy including the energgdtiorthe water vapor in the
air mass of the conditioned space. Its units are Brittsermal Units per Pound (BTU
Ib™) of dry air.

In a conditioned space, a specific point on the psyctranggaph describes the state this
conditioned space is in, using the axes described befamayloomfort control application, the
idea is to keep the range where the points are (i.estébe of the conditioned space) within the
comfort range, i.e.: the range of values where a sgfns@mfort is perceived. This range is well
defined in literature, either by illustratiomgk09] or in a tabular formatJon94, and this range
will be detailed in the next section of this chapterich talks about the CEMA simulator design.
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The concept of heat transfer can be mathematically fjedrind studied by dividing actual heat
gain in conditioned spaces into two types; sensible desatloss and latent heat gain/loss. This
mathematical quantification is needed so as to satisfabove-stated requirement for the sense
of comfort, i.e. keeping the state of the conditiospdce within the comfort ranges on a
psychometric chart. Sensible heat gain/loss is thelgssnof thermal energy a person can feel as
a rise in temperature; this is the more prevalent fofrhreat gain/loss. Latent heat gain/loss is the
so-called invisible heat gain/loss; one which an occupbatconditioned space does not directly
feel. This latent heat includes heat energy storeceinviiter vapor in a conditioned space and
the water vapor coming from evaporation off a humadayb®he ratio between sensible heat and
latent heat differs according to the type of applicatieor. example, factories and kitchens have
both a high sensible heat content and high latent bet¢mt (due to the cookers and other heavy
equipment there. However, residences have high sensiaslebntent and low latent heat

content ASH82). Nevertheless, latent heat is chosen to be includéuki calculations detailed
below for accuracy when comparing results to realsiifieulated scenarios (see chapter 4 for
results).

Sensible and Latent Heat gains and losses and intedwaimd connected. Both can be affected
by the three forms of heat transfer (conduction, conwectind radiation), and both can be
affected by each other. In addition, in a normal residespace, many factors come into play;
such as the type of walls and windows in use, the weathesulation used. These factors also
include the activity of the occupants, residential equiiraeage, deterioration of the residential
structure on the long term, etc. As can be seen, ttadselations can get very complicated very

quickly if no assumptions or simplifications are made.

There are two well-known texts which tabulate thedewations, which compute the heat load
of the conditioned space; that is, heat load is a unead the transfer of all types of energy
inside and outside of the conditioned space. These twodextpSH811] and [Car65], with
additional modifications for residential structure$@ar651]. EquationgC.1) through(C.16)in
Appendix C tabulate the exact simplified calculatioesded for obtaining the instantaneous
sensible and latent heat loads of a conditioned sp&eecdiculations are the same for summer
months (where the ambient outside temperature is rharethe ambient indoor temperature)
and winter months (vice versa the summer monthsgxa that in Equatio(C.5), the



Chapter 3: CEMA Algorithms and Simulator 31

difference in temperature term is the actual diffeeeim the winter months, while in the summer

months it is the equivalent temperature differer@a¢5].

The magnitude of electrical power a typical HVAC systemsumes is dependent on its design
and rated power consumption. For example, if the H\8%§&em is based on the CAV principle,
the air conditioning equipment will operate under the kstrgeat load of all the conditioned
spaces inside the residence. On the other hand, if t#eCHystem is based on the VAV
principle, the calculations are done separately foh eanditioned zone. Keep in mind that for
overall evaluation of a certain home, all conditidzenes have to be considered.

The instantaneous sensible and latent heat are usaltutate the dehumidified rate of flow of
air from the air conditioning equipment which is needed amtain a steady set of conditions
for a certain conditioned zone. The equation for obtgithis rate of flow of dehumidified air is
shown in Appendix C (equatidi€.17)). However, this rate of flow is based on the mixed air
temperature (equatiqi€.19)in Appendix C), and the apparatus dew point temperaturet{@yua
(C.18)in Appendix C), which is a measure of the amount oewedpor in the conditioned
space Jon94. Substituting equation&C.18) and(C.19)in (C.17)yields the following equation:

‘Ba
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The termY * ,un<pp  denotes the amount of ventilation required for propensair this

value is standard according to the circumstances obim@itioned zoneQar65]. ERSH denotes
the effective room sensible heat (equaticrii4) in Appendix C). Equation (3.1) is valid for both
summer and winter months, since the three equatialepé&nds on (which are all from
[Car651]) are valid year-round.

After the termY *  is calculated, there are two ways of calculatingntimum wattage of the
equipment required for air conditioning. If the HVAC systis based on the VAV, the
minimum wattage required is the sum of the latent andilske heat loadsJar651], divided by
the SEER. If the system is a CAV-based system, tiieair flow required is the biggest out of
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all the zones, and is used in the following equation taitzke the minimum HVAC wattage
needed for comfort:

J
bMOM*=* .cc.de TfY* p fghf7eORMGH « #

The last three terms constitute the total heat lnagked for compensation by the HVAC. This is
not the rated wattage of the HVAC system. To illustthis point, a short discussion of HVAC
efficiency will now ensue. HVAC efficiency can be delsed in two interconnected terms, the
Coefficient Of Performance (CoP) and the SeasonaildyrEfficiency Ratio (SEER). CoP is a
dimensionless value that is not yet widely adopted, asichlly the more the COP the more
efficient the HVAC system. The other term, the SEERhe more widely adopted HVAC
efficiency metric, and it measures how much cooling [ga®TU hr')1 watt of input electrical
power produces. The current minimum acceptable SEER iatidignada and the US is 13 BTU
hr'w™. In the CEMA simulator, the wattage taken from tteidential electrical supply, the
rated wattage of the HVAC, is actually total zone heat (the last three terms in Equation
(3.2)) divided by the SEER of the HVAC device. The resulitite value used in calculating
the contribution of the HVAC system to the total op@&gatost of the home.
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3.2 Designs of CEMA Controller and Algorithms

3.2.1 WSN Backbone and CEMA controller Design
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Figure 3.2: lllustration of the WSN used for thesis

Figure 3.2 shows a typical floor plan for a sinfgimily dwelling or a townhouse — the majority
of residence types in Canada today. As has bedaiegd and analyzed in Chapter 2, the best



Chapter 3: CEMA Algorithms and Simulator 34

way for accurate, room-by-room comfort control, regasdlof the type of HVAC used, is
through the use of a WSN throughout each home. As wasaplained, Zigbee is the current
best option as a network protocol for this WSN. Thismanly due to its frequency hopping
feature, its usage of the free ISM frequency band, andtitslow energy consumption (the
Zigbee nodes only wake up to send or receive packets, thesremg energy)4ig06]. Figure
3.2 also shows the proposed WSN network. The rectantfle SEMA controller, which
controls all aspects of economical comfort and energgagement control in this floor. It has
been proven that only one controller is needed for sypestof relatively small structures; i.e.:
no hierarchy between the sensor nodes and the conisofieededlee0§. This lack of

hierarchy provides an additional benefit; much less cabtarch less complexity.

Figure 3.2 also shows the sensor nodes distributed aloriigdhglan (the small ovals with
black streaks in them). The main idea of the sensortuititin is dividing the area to be
controlled into zones and, for each zone individualiynfort control is set. This is regardless of
the type of HVAC used; the only difference is the gyaf comfort control given by CAV or
VAV systems. It is assumed that the indoor walls andslao¥ insulated enough so that inter-
zone dependencies can be ignored. Thus, each zone ig sawp room in the floor plan, and
including also the hallway in Figure 3.2. One notices indiegn that there are two sensor
nodes in each zone. This is for redundancy; if one séadsy the reading of the other sensor is
used. If both are active, then the average of bothinga is computed and used.

For the purposes of this thesis, and after presentimh@aalyzing the meaning of comfort in both
Chapters 2 and 3, three metrics are defined; these mexteieghat the CEMA algorithms are
currently judged on: [1] Temperature [2] Relative Humidi@}yLight Intensity. Thus, the sensor
nodes pictured in Figure 3.2 will measure these three pteesrne every set time interval, and
relay the information to the smart CEMA controlleredily. Figure 3.3 shows the block diagram
showing the process flow of the proposed system:
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Figure 3.3: Flow control for the proposed CEMA gyst

The sensors send their data every fixed time iatativectly to the CEMA controller, which
distributes the readings according to their typles;light intensity readings to the lighting
control algorithm and the temperature and relativenidity readings to the temperature and RH
controller algorithm.

The key to the usability of this system is its miadity; more algorithms can be added to the
decision handling module without theoretically affeg the system. Of course, the number of
algorithms implemented in the system is limitedhy types of readings an actual sensor node
can handle, and by the capabilities of the systehardware and network-wise terms.

After the algorithms are implemented, the commaodke HVAC hardware and/or the lighting
dimmers are given out via cutting off/allowing dlegty to the HVAC hardware and/or
decreasing the voltage given out to the neededidigito be dimmed. The area of implementing
the CEMA algorithms is out of scope with this tlsesis here we concentrate on proving the
guantitative and qualitative feasibility of the CBMIgorithms, and not their implementation.
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3.2.2 Individual CEMA Algorithms

As has been stated in the previous section, tbsigltoncentrates on the three most energy-
intensive aspects in comfort control in residergtalicture: heating control, lighting control, and
humidity control. The last control is optional, m&ay that not all residences have an extra
humidifier/dehumidifier in their air conditioning/stems. It is also worthy to note that in
controlling the temperature of a conditioned zdhe,relative humidity of that zone naturally
changes, in line with the well-known laws of thedynamics Jon94. However, in some
environments, this change in relative humiditya$ @nough for a sense of comfort to be
maintained, and thus a humidifier/dehumidifier tanincluded. In this CEMA simulator, the

option of a humidifier/dehumidifier is an input bye simulator user.

Figure 3.4 below shows the flowchart for the CEM@oaithm concerning temperature and

relative humidity control:

o Temperature <
Temperature/Humidity stable in Capture temperature readings R/L& ‘m d t
a certain room every 12 seconds I\/ﬂl‘\I‘? .
Thermostat calculates zone
Exceute the CEMA load and the approximate
Humidifier algorithm amount of HVAC runtime
needed

Thermostats activates HVAC in
room for the specitic period:
humidity automatically adjusted

Temperature <
MAX and >
MIN?

Humidifier
available?

Figure 3.4: CEMA temperature control algorithm
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This algorithm is valid for both CAV and VAV-based HVAC 1S, and for winter and
summer months. In every zone, temperature readings g ea by the sensor nodes every set
time interval and sent to the CEMA controller, whiakes the average of the values and checks
whether the temperature value is between the useakmsts. When the recorded temperature is
out of the needed temperature range, the CEMA conticdleulates the instantaneous
heating/cooling load of that particular zone, and onltd&d calculates the approximate time the
A/C has to operate in that zone. The method of theatiparof the A/C, in addition to the
estimate of time is based on the calculations in theigus section, and the calculations differ
between a CAV-based and a VAV-based system. The fateaage of temperature during the
operations of an HVAC VAV is faster than a CAV-basgdtem; and both rates of change are
designed to be linear. The values of the CAV and VA¥gaif temperature change are outlined
in Chapter 4.

After the A/C operation time has elapsed, the tempezas checked in that zone again. If the
temperature is more than one degree Celsius away fr@mmser-inputted range of temperatures,
the above process is repeated again; the load and the apgt®4/C working time are

calculated and used. Then the temperature is checkedtaghie seconds before the end of the
A/C operational time. Once the temperature is betwleenequired ranges, the system then goes
to check whether there is a dehumidifier in the sysienmt; if yes, then the
humidifier/dehumidifier algorithm is implemented (ittige third algorithm discussed in this
section), if not the system returns to checking thg&rature every set time interval.

Figure 3.5 below shows the CEMA algorithm concerning lightiantrol:
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Light
Intensity <
MAX and >
MIN?

Light lntensity 18 N Capture light intensity
stable. readings every 12 seconds

Room Light Intensity =
Outside Light Intensity —
Required Light Intensity

Close Tight Bulbs and
Set Light Bulb Intensity activate shades to the
= |Room T.ight Intensity]| Yes desired level of light
No intensity

Figure 3.5: CEMA light control algorithm

As with the rest of the CEMA algorithms, the sensodes measure light intensity, in lux, of the
zone. If the light intensity is outside the usefwt®d bounds, the required zone light intensity
deficit is computed. This deficit can either beasiive number (meaning there is a deficit that
needs to be addressed by turning on the light$)e @ negative number (meaning there is excess
lighting in the room). The key here is the mainta®of a constant light intensity; either the
lights are turned on by a certain percentage ordine window is shaded by a certain percentage
SO as to maintain constant light intensity insige ¢conditioned zone. This naturally incurs
significant monetary savings while keeping the séawel of comfort, as the lights are not
operating under full power.

The CEMA humidifier/dehumidifier algorithm is vesymilar to the algorithm presented in
Figure 3.4 for temperature control, except in thatarts only after the A/C operates for a certain
period of time, and that the property in quest®the conditioned zone relative humidity not
temperature. The rate of relative humidity incrédserease is set according to Equation (3.3)
below. Also, the operation of the humidifier/dehdrer is independent of the workings of the
A/C once initiated as outlined above. Finally, Wharkings of the humidifier/dehumidifier are

out of scope of this thesis.
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Finally, Figure 3.6 shows the current CEMA congoliinite state machine which summarizes
the three above-stated algorithms:

None Detected

Every time
interval

Examine if door’s
state toggled in

roomi.

(]
DoorState
\ = close

Calculate if
Light needed
in Room,

Every time
interval

DoorState
| = open

Close Door,
DoorState,
=close

Calculate and
set Required
Light Intensity
in Room; |
using shades
if necessary

Door Open for less
than 5 minutes

Temperature within
limits

Heat/Cool
the room

according to
equations;

Measure
Temperature

Thresholds not
exceeded

Figure 3.6: CEMA algorithms’ FSM

Three important notes have to be made about theedigure. First, this FSM applies to each
zone independently. Second, the CEMA controller altsends to control which doors are open
and which are closed for each zone. That is, famgte, if an outdoor door is open for more
than five minutes, it most likely means the occupdorgot to close that door, and thus the
CEMA controller closes that open door. Third, reliess of the status of operation of the HVAC
or the humidifier/dehumidifier, a zone temperatsralways being captured every fixed time
interval and utilized according to the algorithnowim in Figure 3.4. Once the

humidifier/dehumidifier is active, its operationimlependent of any subsequent operation of the

A/C.
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3.3 CEMA Simulator Design

3.3.1 Introduction

In this section, the details of the mechanism used tohe<EMA controller and algorithms are
presented. These details include the programming languageheatkechanism’s main
characteristics and features, and finally a detailed{ithe type of coding used to write up the

simulator.

A mechanism must exist to mimic the WSN-based comftantroller, while still maintaining the
simplest and least complex structure. There are thege methods of achieving this mimicking;
one can build a hardware prototype, or code a simulatam emulator. Hardware prototypes,
when up and running, provide an excellent one-to-one asafshe actual workings, losses,
and efficiencies of the comfort control applicatiormwéver, there should be some kind of
software analysis first to verify the feasibilitythie project, to avoid costly rebuilds of the
prototype. Thus, either an emulator or a simulator carebigned to test the comfort controller.
However, in the case of WSN-based comfort controégsidences, designing an emulator would
be extremely difficult. This is because an emulat@r s®ftware-based analysis of a hardware-
based system (such as the proposed comfort contrdll@s)analysis imitates complex wireless
communication systems from the ground up and can be exangciespecially if analysis of all
the other OSI layers is included Examples of the regudtamplexity includes implementation
of the network layer with its buffers and packet draps lait error rates, and imitation of quality
of service for some network protocols. The reader mushputnd that the two main goals of
this above-stated mechanism are to prove that the CEM&atler is feasible and that it is an
economically attractive option. Under these circamses, designing a simulator is much more
feasible. A simulator differs from an emulator inttassimulator does not include every single
process or algorithm in its workings, yet it efficientlyitates the main flowchart and fulfills the

main aim for which it has been written.
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The programming language used to implement the CEMA simiitatbe JAVA® Language and
the development environment used is the Eclipse Integrageel@pment Environment (IDE).
The choice for both has been based upon the fact tHaab®bpen source and thus are free and
continually reviewed. In addition, new modules are beowgstantly added to both the
programming language and the development environment, antielsetiee power of the JAVA
language; the ease of integrating different functionalitiesthe code of a developer. This is
unlike its main competitor; the C family of programming langsgvhich is not free, not of the
open source type and integrating different functionaliseauch harder. The only potential
pitfall in using an open source programming language and geweldt environment is the issue
of bugs in either which might complicate the simulatevelopment. However, no bugs in the
JAVA® language or the Eclipse IDE have been encountered dueirmpthse of coding the
CEMA simulator.

3.3.2 Simulator Backbone, I/O, and External Pieces of Code

In any simulator, there are a set of events to beut&d, on which beginnings and endings might
or might not be dependent on other events. Around theses there are constants, variables
and assumptions which control the flow of such eventsr&are many different types of
simulators, each describing different scenarios. Tasis describes a model that has sources of
randomness (the operation of the outdoor doors, asrségure 3.6), and is dynamic (time
sensitive) Lee09. As such, two types of simulators can describe this insuheulators whose
events occur at discrete time instances, and simulatorse events occur continuously. The
former is called a discrete-event simulatéisP1]. An example of the former is modeling a bank
gueue, and an example of the latter includes simulatisgic& mechanical conceptseg09.

Each type of simulator has its advantages and disaaty@sitand each is suited better for
different applications. A discrete-event simulatan detter model a comfort and energy control
residence, though, because at any one instant in any oa€¢rearember, the controller controls
comfort control in multiple zones in parallel), tbentroller is in one state of the states shown in
Figure 3.6.



Chapter 3: CEMA Algorithms and Simulator 42

In this thesis, the discrete event simulator consejptplemented by initiating a queue which is
filled with, in the correct chronological order, evemthich describe the potential movement
from one state to another in the FSM.

Before the workings of the simulator are shown, itsaihset of constants and assumptions are
shown, along with any needed explanation for their exigteln addition, the simulation inputs
and outputs are also listed. The set of assumptions dodlcavs:

The house is always facing northward.

The house is assumed airtight in all types of simudaie. no unaccounted for leaks and
cracks throughout the home.

There are no other houses or structures near enough tiested house to cause any
shading.

Wind Chill Factors are not included in any calculations.

House Properties are the same throughout the residetntieture (same thickness,
thermal resistance, color, and type of wall, roof, aniows).

There are no heat losses or gains other than tabs&ated in Appendix C.
Temperature, relative humidity, and light intensity mx@asured every 12 seconds. This
value was obtained with consultation from experthieindustry.

Windows are never opened. Any normal infiltration ocaigrin a residential structure is
accounted for in the equations stated in Appendix C whick wsed in the previous
section. This assumption is for ease in programmin@ €A simulator.

The thermal resistance of an external wall, door, windw roof are: 0.062, 0.497,
0.568, and 0.044 BTU HftF* respectively. The choices for these values have t&en s
to be exactly similar to the values placed in theigreuilder® simulator, as will be
explained later in Chapter 4.

The lighting of every room in the home is to be defias a single, hanging, 100W
incandescent light bulb that produces 1750 lux. It is assumbe always on through the
duration of the CEMA simulation, albeit not alwayswill power. (In the
DesignBuildef Simulator, the lights are always assumed to beulimdwer).

There are no devices in any simulator being run for bi@si$. This is for simplicity. An

exception is the humidifier/dehumidifier, which whdrosen to run operates at 500W.
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Each outdoor door, and its corresponding room, is modeledi@ss. The incoming rate
of people at the door is modeled as a Poisson procesannital rate people per hour,
and the service ratepeople per hour of the door (i.e.: the rate at which peleple the
room) is modeled as an exponential distribution. No ingra is given to the maximum
capacity of the room as practically it is impossibletfe room to be filled to capacity in
a normal residence As such, the door and its room camodeled as an M/M/1 queue
[Leo04]. Throughout this thesis,= 0.1 arrival/hour and = 0.2 departures per hour. The
reason for these choices is given in Section 4.2.4.

The rate of increase or decrease in temperatureativeehumidity in the CEMA
simulator is determined by running the DesignBuffdgimulator using a VAV-HVAC
system, then drawing a line of best fit (utilizing Miaoé§ Excel) on the data points
representing the operation of the HVAC. From it, & baen estimated that the rate of
temperature increase/decrease is linear with the s °F & and the rate of
moisture content increase/decrease (either only wiheimadifier is present or the
dehumidification effect of an HVAC system) is modededording to the following
equation, where vy is the new humidity content, hestime difference between the
current simulation time and the time when the hunadifias been activated, and x is the
old humidity content:

i ij kl Imnol ##

The inputs of the CEMA simulator are:

A Comma Separated Values (CSV) file containing the detéithe residential structure
in question; such as the number of zones, number oboutdlls in each zone, thermal
resistance of each wall, and so on with every calpect of the residential structure. In
addition, this file contains the specific comfort riegments for each zone.

User Inputs of the required simulation time required séeson the simulator is it to run
in, whether the residence in question operates a CA¥dbaisa VAV-based HVAC
system, and whether the residence also operates difiemi
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The output of the CEMA simulator is:

A CSV file containing second by second recordings of teatpeg, relative humidity,

and light intensity of each conditioned zone, in addito the outdoor air properties. This
file, after further processing (see Chapter 4), wilMude proof of the validity of the
CEMA controller and algorithms.

An important note to be made is the units in use throughautitesis. The reference books
employed to determine the equations the CEMA simulatorheesthe American system of
units (F, BTU hr*, Cubic Feet per Minute (CFM)), while Canada uses thésBritlystem of

units (C, W, n? s%). Thus, all inputs and outputs are based on the Brigstes, while all

internal CEMA calculations are based on the Amergatem. An exception to this is the output
shown from a certain simulator called DesignBuild2es1(Q whose purpose is explained in
Chapter 4. To make a fair comparison between CEMA arsigDBuilder, all input parameters
use the American system of units, and thus the outddésignBuilder also uses the American
system. This does not complicate the thesis in anybseguse what is gleaned from the
DesignBuilder output, as is seen in Chapter 4, arg¢inels set by the output values, not

individual values themselves.

In addition, a dynamic linked library (dll) file has lpelacluded. These files include

functionality not written in the original piece adde, for any type of code, so that the written
code is more efficient. In other words, the develop#en possible, does not have to reinvent
the wheel when programming. For this thesis, one dllHds been included; a dll file
mathematically describing the psychometric chart whiehetiuations in Appendix C are based
on. In addition a .jar file serves the same functiondpecifically for Java code, and two .jar files
have been used; both served to allow the linkage of grehpmetric .dll to CEMA simulator
Java code.
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3.3.3 CEMA Simulator Packages and their Contents

The Java programming language is based on the concalgeof-orientedprogramming

(OOP). This concept basically states that in ordeulfdl the functionality of a program, entities
called objects have to be created, which contain vasatrid functionalities. The method and
protocol of interaction between these variables andtionalities constitute the overall program
functionalities. This is as opposed to writing primitaede that is executed line by line.

In the Java language, OOP is translated into classgzaakdges. Classes are the entities which
contain the variables and functionalities describing emtity in the overall programmer design.
Examples include a class for router and another atesswitch. Each is entirely separate from
the other, and each contains functionalities and vagat#scribing the entity. The protocol of
the interaction between them constitutes the overatitionality of the program. Packages are
simply a group of classes with similar functionalitiggs for organizational purposes only. An
example would be grouping the router and switch classess @m& package called Network
Devices.

Six packages where designed to simulate a CEMA contioif@ementing three CEMA
algorithms. The following is a list of the packages and ttentents in terms of classes, along
with a brief description of the class (the significpatts of the commented code are found in
Appendix A of this thesis):

decision_Handling_Module package: This package holds the clespessible for the
decision making in the program. It contains “buildingCamdtjava,” the class which has
the implementation of all CEMA algorithms, “Door.javahich has the implementation
of a door model (used to indicate the type of door, whetkeor or outdoor, and its
state, whether open or closed), and “Room.java,” whicttasns the implementation of
one conditioned zone.

input_Output_Manipulation package: This package contains onlglass,
“CSV_Parser.java,” which deals with all input and outp8MJiles the simulation works
with.
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Queue_Element_Types package: This package contains twehesdiessribing all the
types of events that can be incoming into the queue. Mpes tyf events can be added
with ease, classes which describe new CEMA algorithms li$hof these classes can be
found in the class diagram of the next sub-section.

simulator_Backbone package: This package has one intarfddsvo classes. An
“interface” is an entity which forms a backbone dmah classes can extend and use.
Interfaces are mainly used to allow classes to shatmpVariables or functionalities
without actually allowing “global” variables or functioités. The interface in this
simulator is called “SharedConstants.java.” All the @udElement_Types classes are
implementing the Shared_Constants.java file. The twasekin the simulator_Backbone
package are DynamicEvent.java, and EventQueue.java, wéstdiibe a generic element
in the queue of the discrete-event simulator, and theqoiodm how to deal with the
queue.

thesis_Simulator package: This package contains the sslg ¢lain_Program.java, that
acts as the engine of this simulator. This class agtuails the CEMA controller. It
contains a graphical user interface, GUI, which alldvesuser to interact with the
program. Appendix A shows the GUI used for this thésgted at the end of Appendix
A, in addition to the important piece of code detailing Wiegipens when a user initiates
the simulation.

Appendix D shows the complete class diagram of the CEMaAulator.

3.4 Conclusion

In this chapter, an overview of the thermodynamic fples and equations of comfort control
for residential structures has been presented. Theedlmn these principles, three CEMA
algorithms has been shown and explained; one algorithteriggerature control, one for light
intensity control, and the third one for relative hdity control. The WSN backbone supporting
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the CEMA controller and algorithms has been also predeat well as the overall flowchart of
the CEMA simulator in the form of an FSM diagram.

Then, in the following section, the simulator itdadfs been shown and explained in terms of the
choice of the coding language and coding environment, gie talculations and the simulation
assumptions and the detailed structure, in the formuh-based class diagram, of the overall
code.

This chapter forms the basis of this thesis; it costéie main ideas, the algorithms and the code
used to verify these algorithms. The next chapter detaal results obtained from running the
above-stated CEMA simulator.
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4.1 Introduction

In this chapter, analysis of the CEMA algorithms andG@E&A controller, in addition to the
final results, are presented. Before the resultstarers, an important note must be stated. The
aim of the CEMA simulator is, as much as possiblenitaic a real life HVAC in a typical
residential structure, putting in mind to adjust the sitauléor the new CEMA protocols.
However, we have to compare the CEMA-based HVAC ays$tea reference non-CEMA
HVAC system in order to prove that the CEMA-based HV&Gtems are more superior in cost
saving and in terms of comfort control. As could be deduwed €hapter 3, the model
describing typical HVAC systems is extremely compled eannot be described using one or
two simple equations. This is because the model should inchateges in outside temperature
and relative humidity, number of people in the enclopade, number of appliances in the
enclosed space, etc. Therefore, there is no one equh#t can accurately describe temperature
and relative humidity changes in an enclosed space. Tiamethen remain; either physically
measure temperatures and relative humidity across a$piare in an actual enclosed space
with no shading or other enclosed spaces next totity ¢o find a detailed simulator that does

the above-stated functions.

The latter choice has been implemented. Two computeraion programs were found in the
area of HVAC system simulation; the Hot38Qfrogram £CAN09] and the DesignBuild&r

program Pes1(. The Hot3008 program has been designed by National Resources Candda, a
is generally used by homeowners who want to improgestficiency of their homes and track

the general day-to-day costs of maintaining this homs.détailed in terms of the inputs
required, covering everything from the thermal conductwitithe building materials to the
weather conditions for where one wants to placeithalated structure, to the efficiency of the

48
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HVAC system. However, this simulation program ha®mplex graphical user interface, and
especially with the format of the output given aftenning the simulation. This output is
contrite, simplistic, and in no way near the dedéthe outputs of the CEMA simulator.

The DesignBuildét program Pes1( is a detailed, intuitive, and very flexible pragn designed
to make simulating any type of structures relativedsier and more pleasant than most other
simulators. The interface starts with an AutoCAlie feel and allows the user to build the
structure of his/her choice, again similar to AWEE’. Figure 4.1 shows the structure we have

built using DesignBuilder for our purpose:

‘\ Guest Roop

Master Bedp
Bathroom
Bedrp

Bedroom 3

Dl

Figure 4.1: Home model used for this thesis

Master BS

The DesignBuilder simulator allows you to drawatbundredth of any unit of measure, the
spaces needed. In addition, as can be seen fraimeMHgl, windows, doors, and partitions can

also be drawn to the same accuracy. Also, diffezenes can de described in different ways,
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(toilet, living room, etc.). Each of these zonesator coded in the DesignBuilder simulator, but
this coding is not evident in Figure 4.1. Thisunrt allows for different behaviors of people and
appliances inside each zone, which allows the D@sigder® simulator to be more accurate.
Figure 4.2 shows a typical snapshot describingnéhe step taken after drawing the enclosed
spaces in question; setting up the myriad typesnoébles needed for the simulation:

House_NOHYAC, Building 1, Block 1

Layout | Activity | Construction | Openings | Lighting 0 ptions
® Activity Template
_* Template Office_OpenOF
.EnEEIEII Office
Zone type 1-Standard -

Zone multiplier 1

Inchude zone

* § Occupancy
Density [pecpleft2) oomoze
Schedule Office_Open0Off_Occ

§ Heating['F)

§| Heating set back ['F) 536
Cocling Setpaint Temperatures

§ Coning ['F) ez

ﬂ Cooling set back [°F) 2.4

rt Temperatures

MirirriLann Fr

Lighting

" Computers

Figure 4.2: Setting up the simulator input paramsete

As can be seen from the above figure, there aseat variables and constants that can be set up,
or cancelled, as is needed, thus adding to thet#ssof the simulator. For example, for the
structure as a whole, the use of office equipmeag gancelled, computers, and set the density of
the people to the value seen from the above figuine.same goes with the construction

materials properties, the HVAC properties, andhéating and cooling temperature cutoffs. In
addition, all of the above variables and constaatsbe tailored for each zone individually.
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Finally, the outputs of the DesignBuildesimulator are immense and varied, and again can be
tailored for the building as a whole (usually the averagdee of all the zones at a particular
instant), or for each zone individually. These outfntkide temperature, relative humidity,
sensible heat load, latent heat load, electricallonpsion, and total fuel consumption, among
many others. The resultant plots are drawn to a maxiregoiution of one data point every 30
minutes.

The rest of this chapter is organized as follows: Fieserence values of outdoor and indoor
temperatures for a typical summer week is shown, by ngrthie DesignBuild&rsimulator with
no HVAC present. The same set of values for wintemtihn®is available, but is not shown due to
space limitation. The values have been used in the CEMAlator to illustrate how
temperature and relative humidity fluctuate when the iB\&stem is turned off. Then,
temperature fluctuations inside two of the eight zones showigure 4.1 are displayed and
analyzed, for both winter and summer, for four daysarheseason. These values are calculated
from the DesignBuilder simulator using a dual-duct VAV HVAgtem (the CAV HVAC
system results have not been covered here due to gp@e&idns). No more than four days can
be incorporated because Microsoft ERcgbes not support more than 23,000 data points per
graph, and given that the resolution of the CEMA sinaulat 12 seconds, only at most 4 days
can be incorporated in one graph. Only two of the eaghes will be covered because of space
limitations in this report, and because each zonesisnasd independent of the other for
simplicity, as has been stated before. The samadwes are simulated using the CEMA
simulator and the same two types of graphs are produced. theddesignBuilder simulator is
run again for both summer and winter for four days eacti,the total kilowatt consumption of
the building as a whole is calculated. The same ouspghien produced from the CEMA
simulator. All four sets of outputs are compared andyaedlto determine which type of system
beat achieves the tradeoff; namely achieving comfortrabintthe most economic fashion
possible. A flat rate of 2.3 Canadian cents per kilolwatir is applied to both systems, again for
simplicity.

The next set of outputs is related to the concepteo€timfidence interval, namely how correct
and valid the CEMA system is given the randomnessarsyistem. In this thesis, randomness

comes from the rate of entry through external doorsiéienl by a Poisson distribution), and the



Chapter 4: Simulator Result and Analysis 52

duration of stay for each person inside each zone (mddsi an exponential distribution). As
explained in Section 3.3.2, each external door with ksesponding room is modeled as an
M/M/1 queue, and will be treated mathematically as subk. GEMA simulator is run multiple
times, both in summer and winter, and the focus \ilbb one zone only, the guest room. The
total kW consumption is calculated while varying the teafitensity of the M/M/1 queue, and
on that the confidence interval is calculated and pteden

The final set of outputs is related to the analysihefaddition of the humidifier/dehumidifier to
the comfort control system. This piece of equipméhiee adds or removes humidity to the
enclosed space, and in this thesis its method of castvely similar to the method of

temperature control in an enclosed space, exceptdlasive humidity is the controlling factor.

4.2 Results and Analysis

4.2.1 Reference Values

Figures 4.3 shows the outdoor and indoor temperatures, @oar irelative humidity values for
the guest room shown in Figure 4.1, respectively (firstfpton the top is the Air Temperature.).
This room is chosen to be the room whose results gpéagied in this thesis. The results of the
other rooms will not be shown due to space limitationgpkthe living room whose output
values are used to prove that under a different rangendbcotemperatures, the CEMA
simulator performs as expected. Also, by visual inspecti@nfound that all the output values
from the other rooms vary slightly from the guest rosmthe values of the guest room alone
can prove the effectiveness of the CEMA simulator gndlgorithms:
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Temperatures, Heat Gains and Energy Consumption - House_NOHVAC, Building 1
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Figure 4.3: Outdoor, indoor, and relative humidiues for the guest room without HVAC

As is seen from the above figure, indoor tempeestare always more than outdoor
temperatures. The reason for this phenomenontisyiigal modern structures retain heat; that
is, modern structures do not have any natural caramtrol mechanisnmBai94]. An important
note to state here is that DesignBuiftigraphs’ resolution does not go beyond one datat poi
every 30 minutes. Another important note is thatdtierage of every 30-min interval data point

throughout the summer design week displayed ab@gecemputed, then the average of every
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two of the resultant data points was calculated to wb2&i one-hour values of the indoor and
outdoor temperature, and of the indoor relative humicaiyes. These values were then used as
reference values in the CEMA simulator, taking into actthat there are different set of values
for either a summer environment or a winter environmelsb At is to be noted that while
temperatures increase to a peak around mid-day then tapertibffight, relative humidity
readings have no such pattern and are completely raodenthe course of the week

4.2.2 Comfort Control Analysis Results-Summer and Winter

Figure 4.4 shows the resultant graph after running the CEMAIgtor on the guest room, for 4
typical summer days. The x-axis is the time in secoaad the y-axis is the internal temperature
of the guest room, in degrees Celsius. The upper and lowdotdemperature limits are set at
75°F and 70°F (23.89°C and 21.11°C), respectively:

Time (sec)

Figure 4.4: Indoor temperature values, guest room, for fourdlypicnmer days

As has been stated before in the Introduction chageiperception of comfort differs from one
person to another, and this concept is relied upon heavilyeb@EMA algorithms to achieve

economical comfort control. That is, the indoor enminent does not need to have a constant set
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temperature to achieve comfort. Rather, comfort iseaeli by two limits of temperature, within
which comfort is felt. In this way, the HVAC heatingfling elements, which eat up most of the
electrical consumption of the HVAC, do not have to omeaalbt, thus incurring significant
monetary savings. In fact, from Figure 4.4, the only tithescooling elements of an HVAC are
operational are when the temperature drops linearlythwtmate stated in Chapter 3, which, as
can be seen from the above figure, is a small paredfatal simulation time of four days. The
rest of the above graph is the normal temperatureasert the reference values, achieved by
performing small incremental linear steps between the mudisga point and the next biggest
reference temperature data value (i.e.: the nearfeseinee data point. In a similar fashion,

Figure 4.5 shows the guest room for four typical winter days

Temperature (
\
\
\
\\

Time (sec)

Figure 4.5: Indoor temperature values, guest room, for fourdiyioter days

The same concept applies for winter months; there igoper and lower temperature limit,
within which the occupants feel comfort. The heatingnelsts only work when the temperature
increases linearly; the rest is the normal temperaleceesase when no HVAC is present. For
reference, Figures 4.6 and 4.7 are similar in concepgtads 4.4 and 4.5, except that the zone
in question is the living room. As can be seen belown ewth different upper and lower
temperature limits, 70°F and 65°F (21.1°C and 18.33°C) respectilelgystem is still feasible

and performs according to design:
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Figure 4.6: Indoor temperature values, living roden,four typical summer days
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Figure 4.7: Indoor temperature values, living, fmur typical winter days

Figures 4.8 and 4.9 show the temperature curvethéoguest room for four typical days in
summer and winter respectively. Care has been takegplicate all the guest room properties in
order to perform a fair, accurate comparison (@etJiemperature is the step-like plot for Figure
4.8 and the bottom plot in Figure 4.9):
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Figure 4.8: DesignBuilder simulator results, guest roomioior typical summer days
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Figure 4.9: DesignBuilder simulator results, guest roomfofar typical winter days

It is clear from these two graphs that the comforicept modeled by the CEMA simulator is
different than the comfort concept modeled by Desigialgui The CEMA simulator defines
comfort to be within a range of temperature, containgkimupper and lower limits. The
DesignBuilder simulator assumes comfort is attainechagtaining a single temperature value.
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While the two concepts achieve their end goal, hae@mfort, one system is more costly to
maintain than the other. A final observation tdesfeom Figure 4.8: there are periods of time in
which the temperature levels that define comfogtlaeached; that is, comfort is not always
attained using the traditional VAV-based HVAC systevhereas from Figure 4.8 it is clear that
the concept of comfort is always attained whenGEdMA-based HVAC is used.

4.2.3 Financial Gains or Losses Incurred — Summema Winter

As has been stated before, both concepts of comnferfieasible and attainable, and thus the
difference between both comfort philosophies isab&t. Figures 4.10 and 4-11 show the

average room temperature and total HVAC energywopsion plots for the whole home, for
both summer and winter, respectively (Air Tempemais the Top Plot in the bottom graph):

Site Data - House_VAV, Building 1
EnergyPlus Output 13 Jul - 19 Jul, Hourly Evaluation
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Figure 4.10: Electrical consumption and indoor temagure fluctuations, whole home, summer
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Site Data - House_VAV, Building 1
EnergyPlus Output 27 Jan - 30 Jan, Hourly Evaluation
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Figure 4.11: Electrical consumption and indoor temapures fluctuations, whole home, winter

Noting that the sole energy consumer in the DesigidBr® modeled home is the HVAC system
(everything else is turned off), it is clear tHa¢ HVAC system is turned on both during the
needed temperature increase/decrease (as peradmdbe simulation is in), and in maintaining
the constant comfort temperature. This is evideorhfthe values of electrical consumption when
the temperature is steady.

Again noting that the CEMA simulator defines confiar be within a range of temperatures, the
CEMA Simulator has been run for all the rooms, thedtotal costs of maintaining the home has
been directly extracted from the output .csv fllee following equation describes the total
electrical costs incurred by the DesignBuiftiapme:

C = [Energyru,1000/3413]*2.3/100, from n=1to D (4.2)

In the above equation, D represents the numbeataf pbints in the output graph, the first term
represents the value of the data point, in kBTtJtine next term changes the units of the first
term to kW, and the last term is the price penkdtt-hour.
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For the monetary comparison to be fair, the cospefating the lighting must be added to the
DesignBuildef simulator, which has been initially excluded for simiplicUsing the lighting
assumptions stated in section 3.3.2, the following equesitmulates the value added to the total
cost of maintaining the DesignBuildfehome.

r

J J
N -
PTRC ﬂ. tf3eed"t #1366 )#

The first two terms from the left denote the wattafjthe single lighting device in the zone, in
kW. According to the assumptions stated in Chapter 3, ntetto terms from the left have a
value of 0.1 kW. The third term from the left denotestitme of operation in hours, which from
the assumptions stated in Chapter 3, is equal to 4 dayst##4/day = 96 hours. The last two
terms from the left denote the assumed flat price dfCanadian cents per kilowatt. Thus, the
extra cost of maintaining the lighting in the DesignBeif modeled home is about 22 Canadian
cents per room, or a total of CAD $1.77 for the whole hdfigares 4.12 and 4.13 show the
Wattage required, in the CEMA simulator, from the lightb to reach lighting comfort level for
summer and winter respectively in the Hearth Room asguthe comfort level is attained at 80
lux. This simulation run time is 4 days. It has tonbéed that the relationship between the output
wattage and luminosity for any lighting device is lineard the lighting control flowchart from
Chapter 3:
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Wattage Required (Watts)
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Figure 4.12: Lighting wattage required for comfdwtarth, summer
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Figure 4.13: Lighting wattage required for comfdwearth, winter

The fluctuations seen in both graphs reflect thgimg amounts of sunlight streaming into the
zone, which in turn varies the amount of light \ag# required to compensate the light intensity
of the sunlight streaming inside the zone, if nekedde light intensity reference values used in
the CEMA simulator are variations of the averageeaf sunlight intensity from{ee01,
variations that reflect the differences in lighteinsity between dawn, noon, dusk, and night, and
also between summer and winter. As is seen froin @@phs, the maximum value of the needed
lighting wattage is a fraction of the total wattdge lighting device is capable of producing,
which in turn incurs very significant savings. bct, using Equation (4.3) and setting=M
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Watts leads to a total cost of only CAD$0.07, which is @y of the cost of maintaining the
home without lighting control! Even if real life met®logical sunlight intensity values are used
in the CEMA simulator, instead of assumed valuesfatieremains that when sunlight is used to
compensate for light intensity, and when the zone vsitlit the needed light intensity comfort
value and not with the full power of the lighting devieery significant monetary savings are

incurred.

Tables 4-1 and 4-2 show the total operational cost ofiti@ated home, which is a result of
running each simulator 4 times, for four days in the sunamémwinter seasons respectively:

Cost of Building Operation, Four Summer Days, CAD$

Iteration DesignBuilder® CEMA Simulator
1 $9.4¢ $6.42
2 $9.4¢ $6.27
3 $9.4¢ $6.31
4 $9.4¢ $6.27

Table 4.1: Cost of building operation, four summer daysDEA

Cost of Building Operation, Four Winter Days, CAD$

Iteration DesignBuilder® CEMA Simulator
1 $17.5: $12.08€
2 $17.5: $11.8¢
3 $17.5: $11.9¢
4 $17.5: $12.1¢

Table 4.2: Cost of building operation, four winter days D$A

When one looks at the temperature graphs and the twe &holes, a conclusion becomes
eminent; while both comfort control systems maineasense of subjective comfort, the CEMA
simulator is always much cheaper to maintain fronmaritial perspective. It has to be noted that
the simulator has been run for four days only; by extedjom, one would realize that the

CEMA simulator can incur even larger monthly savings.
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4.2.4 Outdoor Door Modeling and Confidence Interval Results

The correctness of the control system is alwaysyaiagortant issue to deal with in any
simulator, and in this thesis this issue is dealt withguthe confidence interval concept. The
details of this concept and the calculations behind ibeaflound in Appendix B of this thesis.

As was explained in Section 3.3.2, an outdoor door anditesponding room is modeled as an
M/M/1 queue. For an M/M/1 queue to be stable and not overflesvincoming rate must be less
than the outgoing raté.¢o04], and thus < . For M/M/1 queues, the term traffic intensity,
denoted by, is defined by the following equation:

t - J
v )

For stability, therefore, must be less than 1. For this reason, the valueswd are given in
Section 3.3.2. Further, the average time a person spetius ioom is calculated according to
the following equationlfeo04:

t J
NN * —
M*e R$eOc W—— xfwvx )

According to the values ofand stated in Section 3.3.2, and according to Equation (4.2), the
average time spent in the room comes to 5 hours, whicdughly in line with the amount an
average guest stays inside a residence.

To verify the correctness of the CEMA simulator, veey in increments of 0.2 from 0.2 to 0.8
and measure the total operational cost of the wholeeHonr independent times for each
increment, using the CEMA simulator. On these valuesctimfidence interval is calculated as
explained in Appendix B. Figures 4.14 and 4.15 show the resuitanval, for summer and
winter respectively, within which we are sure 95% ofralependent values of the total
operational cost will lie for every:
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Figure 4.14: Average home operational cost, summer

Figure 4.15: Average home operational cost, winter

Numerically, the interval where we are confidermtt85% of operational cost readings will lie
ranges from 0.18% to 2.33% of the average value of theapéahtional cost at every As is
knows when performing confidence interval calculatiohs,dmaller the range around an
average output value from a simulator, the more corretttae more validated the output of the
simulator is WWei98]. As such, the percentage ranges of the confidenawatseof the
operational cost of the CEMA simulator do not even ea@iose to the operational cost incurred
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by the DesignBuilder simulator. In addition, these pdiggs prove that the operational cost
output of the CEMA simulator is correct and valid, dmak the operational cost output of the
CEMA simulator is always less than the DesignBuilojgerational cost output when given the

same set of circumstances.

4.2.5 The Need for a Humidifier/Dehumidifier — Summer ad Winter

The last set of outputs to be discussed in this thegivies the use of an extra piece of
equipment for comfort control: humidifiers/dehumidi. They provide extra
humidification/dehumidification as needed. It has tombted that it is assumed that
humidification and dehumidification can occur from witloine device and that this device
consumes 500W of power. It is also assumed that the®H$A&tem by itself, only provides
dehumidification. As is seen from Figure 4.3, the valuthefrelative humidity has no obvious
pattern or mathematical equation that can define tesinis directly dependent on the
instantaneous temperature, moisture content, and aiupee3$ws, naturally, inside the room,
the relative humidity has the same characteridticgires 4.16 and 4.17 show the relative
humidity plots when the VAV-HVAC is activated in tiREMA simulator, for summer and

winter respectively:
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Figure 4.16: Relative Humidity, no extra equipmetest room, summer
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Figure 4.17: Relative Humidity, no extra equipmeyuest room, winter

As is seen, due to the inherently high relative tditynof summer, and the inherently low
relative humidity of winter, the values for theat®ye humidity usually fall outside the comfort
range as defined iASH82] and[Car651] to be between 30% and 50%. This is especially tru
in winter. Figures 4.18 and 4.19 show the corredpanplots when the humidifier is used:
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Figure 4.18: Relative Humidity, humidifier/dehunfidi active, guest room, summer

70
60
50
40
30
20
10
0 -

Relative Humidity (%)

Time (sec)

Figure 4.19: Relative Humidity, humidifier/dehunidr active, guest room, winter

As can be seen, especially in winter, very sigaificcomfort improvements can be achieved, in
that the relative humidity starts to slowly incredy time, instead of having near zero levels.
While this is not the exact comfort requiremerttstill represents an improvement than without
a humidifier/dehumidifier. In summer it still re@nts an improvement however not significant.
The reason both plots are out of the comfort ranglele to the HVAC always performing
dehumidification regardless of the season. Asides, much more research is warranted into
this topic to actually set the terms on which thkofving tradeoff occurs; how to maintain
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comfort in terms of relative humidity while maintaig minimum operational costs (see Chapter
5).

4.3 Conclusion

In this chapter, four types of results have been shovanove the feasibility and the
effectiveness of the CEMA algorithms. The first settalated to highlighting the difference
between indoor temperatures with and without a VAV-HV&Gtem. One room out of eight has
been chosen and the simulation always ran for fous daly due to Microsoft Exc@l

limitations. Another room has been chosen to be stedifor the sole purpose of proving that
the CEMA simulator functions properly with a differenbm and a different range of comfort
temperatures. These plots showed that the temperanireldGEMA algorithm are feasible and
do actually keep temperature within comfort levels, althobghypical VAV-HVAC system

also does so albeit in a different way.

Monetary calculations have then been introduced and thhlesbeen populated to provide
estimated operational costs over four days for botrstgheomfort control systems. As seen in
Tables 4-1 and 4-2, The CEMA simulator is clearly muctapketo operate than the traditional
VAV-HVAC system. In addition, integrated lighting cook have provided even more savings.

Then, the correctness of the CEMA simulator was erploby use of the average operational
cost for each of the summer and winter cases. Rbrdases, 95% of the operational cost values
fell well below the operational cost of a typical VAIVAC system, with the difference

between the upper and lower bounds not exceeding 4% iragay This means that the CEMA
algorithms are correct with respect to the average apeahicost according to the confidence

interval concept.

The concept of adding an integrated humidifier/dehuneidlias then been explored, and it has
been seen that while the operational cost does ndiastiadly increase and relative humidity
levels are closer to comfort levels; more rese&achquired in the area of the exact relationship,
in terms of relative humidity, between an HVAC anlkuanidifier/dehumidifier.
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5.1 Concluding Remarks

The main goal in this thesis has been to address thengréssue of the need to provide
economical comfort control to homes. Comfort cons@ must when any residential structure is
designed, yet limited energy resources and an explodinggi@mpumust be accounted for. Thus,
economical comfort control must be achieved. Theretheeobjective of this thesis has been the
development of a simple, cheap, easy-to-install, anciezit central energy-management system
for residential spaces. This is of course an enormougtaikdey, so the focus of this thesis has
been the development of a software simulator to sitauhe environment of this thesis.

First, Wireless Sensor Networks (WSNs) have beeaduoited and discussed and examples
given to the types of applications that employ themaddition, an overview of the current
challenges facing WSNs has been shown, with curesetarch tackling these challenges. Next,
the concept of a smart home and what it is has besensied and portrayed. Any smart home
should have a communication network supporting it. Wisefetworks have been deemed the
most suitable form of communication due to the fact amgtimprovement over existing
residential HVAC systems must not incur any major regiderestructuring or rebuilding, to

save costs.

Then, a brief overview of the engineering concepts behtydieal HVAC system has been
presented. The fundamental law in HVAC systems iseghargy is neither created nor
destroyed, and only moves from one area to another.ddds ko the fact that heat energy is
transferred by conduction, convection, or radiation. ,Tihisurn, leads to the psychometric chart,
which describes how moist air behaves under multigi®fa when exposed to the three types of

energy transfers. In addition, multiple referenceksodeal with quantifying energy transfer
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through myriad of sources inside a typical hom8H811] [Car65], and these equations have
been tabulated in Appendix C and used in the CEMA simullat@ddition, equations dealing
with the electrical consumption of an HVAC systeménaeen drawn up, deduced and
explained.

After the CEMA simulator has been coded and run, thdtsdsave been obtained and presented.
The first set of outputs are related to whether otm®CEMA simulator is able to maintain
comfortable temperature levels, and the output reveadgedahdifferent zones and different
temperature ranges, the CEMA simulator could maintainf@d. The second set of outputs is
related to comparison of electrical consumption betweerCEMA simulator and the HVAC
system of a typical residence, simulated by DesignBuilllee result is that, under exactly
similar circumstances, the operational cost of tB&@& simulator is much less than that of the
DesignBuilder simulator.

The next set of outputs has been related to verifymogvalidating the CEMA simulator outputs
(namely the electrical consumption in four days) byqrening confidence interval calculations.
The resultant confidence interval values and graphs phevearrectness of the CEMA
simulator, as the confidence interval values reldiivéhe mean electrical consumption is a

fraction of one percent.

Finally, a short investigation related to the tradeefih®en the advantages of a
humidifier/dehumidifier and its own electrical consumpthas been presented. The result of this
investigation has been that there are advantages toimgladchumidifier/dehumidifier, and that

there is no significant increase in operational cost.

It is evident from the results of this thesis thatrexaic comfort control is feasible when
employing the CEMA system over current operational HV&A®Stems. There are infrastructure
changes required when implementing CEMA using WSNsexXample, wiring the CEMA
controller to the lighting system of the residence tallle to control the intensity. However,
these changes are much cheaper to implement than thstindture changes required to
upgrade and replace existing HVAC hardware, and this igubesalue of using WSNSs in
CEMA. In addition, the operational cost savings rendere@HlyIA, due to implementing
WSNs as the supporting network, makes it a much moretatgaption to implement.
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5.2 Future Work

The work of this thesis is just the beginning; it ostyatches the surface of the topic of
economical comfort control. There is much more worke done. First of all, more research
needs to be done on the relationship between an H&At@m and a humidifier/dehumidifier in
terms of relative humidity; the tradeoffs in using andifier/dehumidifier. The second area in
need of further exploration is the implementationhef CEMA simulator in hardware, in order
to check and see whether its results will be simdahé CEMA software simulator. This applies
to actual HVAC systems, the circuit/circuits thatlwi used to implement the CEMA
algorithms, and any connecting hardware. In addition, tHdAEmulator as it stands does not
account for imperfect wireless Zigbee communicatiat ihinevitable in the real world. This
critical area has to be tested and analyzed. Angihelar area in need to be worked on is the
interference between the wireless network that thel&£EBystem is based on and background
traffic, and how it will affect either network load($). addition, more CEMA algorithms have to
be designed and implemented to cover all area of hormenation, security, and control.

More work also must be done in refining the algorithnesrtbelves and the simulator that they
are based on. To prove CEMA’s correctness, a compana®ibeen made between a multi-zone,
WSN-based comfort control system and a typical ome2éVAC system. However, a
comparison needs to be made between an HVAC systégrouww#VSNs and CEMA, using the
same upper and lower temperature levels, to further prei@AC feasibility. However, it is to

be noted that the goal of CEMA is to be able to opevatexisting types of HVAC systems, and
the prevalent types of HVAC system in Canadian reseleis the typical HYAC system with
+1°F around the single comfort temperature.

Finally, another line of research in this area invohhesinvestigation of more complex control
mechanisms for the three metrics of comfort used sitti@sis, instead of the forced stability
mechanism employed here. The implementation of timesshanisms will allow the comfort
metrics to stay within the comfort levels even mdwantwhat is shown here, and thus incur even

more savings.
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Appendix A: CEMA Simulator Code

“decision_Handling_Module:”

/
FILE: buildingConstruct.java

This class contains the implementations of the CEMygorithms, in additon to functions
that initialize the simulation itself and allowsethser to view the output data

IN: User inputs of simulation time, HVAC Type, Sitation's seaon, and whether a
humidifier is available

OUT: a output file, after the simulation has rumgetly, detailing the temperatures,
relative humidities, and lighting device wattageded for maintaining "comfort"

package decision_Handling_Module;

Nist of imports needed for the simulation to woirkcluding other packages in this project
import java.awt.Desktop;

import java.io.File;

import java.io.lOException;

import simulator_Backbone.*;

import Queue_Element_Types.*;

import misc_Operations.*;

import input_Output_Manipulation.*;

public class buildingConstruct implements Shareds€amts{

double currentTime = 0; /lthe simulator's timer
int currentNumberOfDays = 0;  // the equivalentreat number of seconds, used in HVAC load calooitesti
double simulationTime; /ltotal simulation time

seasonType TheSeason = null;  //the simulatioa'sce
float requiredLightintensity = O;

Room Building[] = null; /lthe building itself,onsisting of an array of rooms
DynamicEvent nextEvent; /lthe current event beinlled from the queue and executed
int roomID; /lthe room ID of the event beippcessed
float OutdoorTemplnput; /lin Farenheit

float OutdoorHumidityRatio; //in grains/lb

/IALL THE TYPES OF EVENTS BEING COVERED///III
DoorOpen doorOpenEvent;

DoorClose doorCloseEvent;

MeasureRoomVariables measureEvent;
HVAC_Running Activate_ HVAC;

HVAC_Deactivation Deactivate_ HVAC;
normal_Temperature_Increase_Interval Temp_Increase
adjust_Outside_Conditions Adjust_Conditions;
ExchangePeopleBetweenRooms TheExchange;
HumidifierOn HumidifierActive;

HumidifierOff HumidifierInactive;
M T

/lthe following three booleans describing theestaid type of the HVAC system
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boolean HVAC_Running = false;
boolean VAV = false;
boolean HumidifierBased = true;

[lthe follolwing three variables describe stagethie heating/cooling load calculation
double CFM_DA = 0;

float Outside_Enthalpy = 0;

float Indoor_Enthalpy = 0;

/lthe following three variables detail the levérandomness in the rate of people enterting, stayand leaving a room
double PoissionLamda = 0.1;

double ExponentialLambda = 0.2;

RandomNumberGenerators RandomValues = new Randorhdh@Generators(PoissionLamda, ExponentialLambda);

/Ithis variable is an instance in a class thatudates all needed psychometric equations
psychrometricFunctions ThePsychrometricChart = psychrometricFunctions();

CSV_Parser TheCSVParser = new CSV_Parser(); h#odling the output file itself (in the constructdrthis class, all input
files are read and parsed)

[[for output manipulation when writing to the outgile

float tempOutputTemp;

float tempOutputRH;

int ZoneCounter = 0; //for use when initiating tlkem array (i.e: the building)

[[for use in temperature movement when HVAC isoperating
float y_intercept = 0O;

float y_intercept_Moisture_Content = 0;

float x_intercept = O;

float T_mixed = 0;

float T_adp =0;

[/lthe even queue itself, whose size was arbijraet
EventQueue queue = new EventQueue(100000);

public buildingConstruct(double finalSimulationTémboolean Humidifier, String SeasonType, boole&VSelected, boolean
HumidifierSelected) throws Exception{

/Isetting user inputs to their respective vdeaab
simulationTime = finalSimulationTime;
HumidifierBased = Humidifier;
TheCSVParser.ReturnParsedValues();
VAV = VAVSelected;
if(SeasonType == "Summer"){
TheSeason = seasonType.summer;

}
else if (SeasonType == "Fall")}{
TheSeason = seasonType.fall;

else if (SeasonType == "Winter"){
TheSeason = seasonType.winter;

else if(TheSeason == seasonType.spring){
TheSeason = seasonType.spring;

/linitiating the output file
TheCSVParser.InitiateOutputFile("This is thepuitfile containing all the data readings for ak rooms.");

/Isetting the number of rooms in the home adogrtb the user-inputted file
Building = new Room[ZonesProperties.size()];

/Isetting each room's properties on its own ating to the assumptions stated in Chapter 3
for(float[] TempRoomProperties: ZonesProperfies)
if(ZoneCounter <= ZonesProperties.size()-1){
if((TheSeason == seasonType.summer)||(The8easgeasonType.spring)){
Building[ZoneCounter] = new Room(ZoneCoun(éoat)

(TypicalOutsideTemperaturesSummer[0]+15), (float)
psychrometricFunctions.PerformRHtoGRFunction((fi&gpicalOutsideTemperaturesSummer[0]+15),(float)
(TypicalOutsideRelativeHumiditySummer[0]/100),23@)oat) TypicalLightintensitiesSummer[0], (float)
(TypicalOutsideTemperaturesSummer|[0]), (float)
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psychrometricFunctions.PerformRHtoGRFunction((fagpicalOutsideTemperaturesSummer[0]),(float)
(TypicalOutsideRelativeHumidityWinter[0]/100),23@jloat) TypicalLightIntensitiesSummer[0],TheSeagomrentTime);

else{

Building[ZoneCounter] = new Room(ZoneCoun(éoat)

(TypicalOutsideTemperaturesWinter[0]+15), (float)
psychrometricFunctions.PerformRHtoGRFunction((fagpicalOutsideTemperaturesWinter[0]+15),(float)
(TypicalOutsideRelativeHumidityWinter[0]/100),23@loat) TypicalLightintensitiesWinter[0], (floa{)TypicalOutsideTemperaturesWinter[0]),
(float) psychrometricFunctions.PerformRHtoGRFumet{fioat)(TypicalOutsideTemperaturesWinter[0]), éip
(TypicalOutsideRelativeHumidityWinter[0]/100),23@loat) TypicalLightintensitiesWinter[0], TheSeasoarrentTime);

}

if(TempRoomProperties[20] == 1){
Building[ZoneCounter].SetDoor();
queue.AddNewJob(new
DoorOpen(currentTime,doorAction.personin,ZoneConjite

/leach room's variables are measured evemtjvgeconds and it is assumed people
randomly move between rooms
queue.AddNewJob(new MeasureRoomVariables(¥&Zounter));
queue.AddNewJob(new ExchangePeopleBetweenRoomentTime+ZoneCounter,
ZoneCounter));
ZoneCounter++;
}
}
/lthe outside conditions are assumed to changey dour (see the "adjust_Outisde_Conditions" even

queue.AddNewJob(new adjust_Outside_Conditions@ntTime+3600)));
Ylend of constructor

/[The method that takes each element in the qaedearses it, and acts accordingly
@SuppressWarnings("static-access")
public void InitiateSimulation() throws lllegalAessException{

/lthe simulation progresses until the arrivaldiof the new event exceeds the required simulaitioa
while(currentTime <= simulationTime){

/lthe next lines (before the "if"'s) describexhan event is extracted, its arrival time taken apiéad across all
the rooms of the building

nextEvent = queue.getEarliestob();

queue.RemoveEarliestJob();

currentTime = nextEvent.getArrivalTime();

for (int i=0; i<=Building.length-1; i++){

Building[i]. TheCurrentTime = currentTime;
}

/i
/[The next if and else if statements detail wiggipen when the extracted
/levent is one of 10 types of events that callespects of HVAC and
/Nlighting control.
/i
/IA door of room "i" opens....
if(nextEvent instanceof DoorOpen){
doorOpenEvent = (DoorOpen)nextEvent;
doorAction currentAction = doorOpenEvent.getbacion();
roomlID = doorOpenEvent.GetRoomID();
Building[roomID].getDoor().setDoorStatus(open);
queue.AddNewJob(new DoorClose((currentTime+86)nID)); //when the same door is closed
(after 30 seconds of the same door opening)

/lwhen a person comes into room "i" from thésale, the system randomly decides how long this
person stays (exponentially) and when the nextopecesmes in (using a poisson distribution)
if(currentAction == doorAction.personin){
Building[roomID].incrementCurrentNumberOfPeef)!

queue.AddNewJob(new
DoorOpen(currentTime+(RandomValues.ReturnPoissioiat)*60*60),doorAction.personin,roomiD)); /Inteerson in

queue.AddNewJob(new
DoorOpen(currentTime+(RandomValues.ReturnExponfaigate()*60*60),doorAction.personOut,roomiD)); /when this person out

Jelse{//lwhen a person comes out, the numbgreofple in the room decreases
Building[roomID].decrementCurrentNumberOfP exijp]
}
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/IA door of room "i" closes....
}else if (nextEvent instanceof DoorClose){
/lthe same actions occur at the beginning efyeevent; the roomID and event execution time are

extracted.

doorCloseEvent = (DoorClose) nextEvent;

roomlID = doorCloseEvent.getRoomID();

currentTime = nextEvent.getArrivalTime();

/lthe only thing that happens when a door dase¢he decrementation of the number of people in
room "i"

if(Building[roomID].getDoor().isDoorOpen() ==pen){
Building[roomID].getDoor().setDoorStatus(claye
}

/IRoom "i" 's room temperature, RH and ligheimsity are measured and acted upon
lelse if(nextEvent instanceof MeasureRoomVarah]
/Istart of the event's parsing
measureEvent = (MeasureRoomVariables) nextEvent
roomID = measureEvent.getRoomID();
currentTime = nextEvent.getArrivalTime();
/lthe variables are recorded
measureEvent.changeRoomTemperature(BuildingjtbhgetRoomTemperature());
measureEvent.changeMoistureRoomContent(BuilddognID].getRoomHumidity());
measureEvent.changeLightintensity(Building[rébirgetRoomLightintentsity());
/[The instantaneous outputs are written tootlitput CSVfile
tempOutputTemp = (measureEvent.getinstantRoonpEeature()-32)*5/9;
tempOutputRH =
ThePsychrometricChart.PerformGRtoRHFunction(medseat.getinstantRoomTemperature(),
measureEvent.getinstantRoomMoistureContent(), 230);
if(Building[roomID].isHVACON() == true){

TheCSVParser.WriteDataLine(new double [] {rdBpeurrentTime, tempOutputTemp,
tempOutputRH, Building[roomID].RequiredLightWattadguilding[roomID].costOfRunningTheRoom,Calculatedi@uildingCost(),
((Building[roomID].getOutsideTemperature()-32)*5/4});

} else if(Building[roomID].isHVACON() == falsd)

TheCSVParser.WriteDataLine(new double [] {rdBpeurrentTime, tempOutputTemp,
tempOutputRH, Building[roomID].RequiredLightWattadguilding[roomID].costOfRunningTheRoom,Calculatedi@uildingCost(),
((Building[roomID].getOutsideTemperature()-32)*5/9});

}

tempOutputTemp = 0;
tempOutputRH = 0O;

[/lthe next variable measurement is scheduleset@nds later
queue.AddNewJob(new MeasureRoomVariables(ctirime+12,roomiD));

/[Here a decision whether to activate the HV@&x@ot is made
/lif the temperature is out of the requestedeioand higher temperature range, and the HVAGfjs o
the HVAC is activated
if(((Building[roomID].getRoomTemperature()-Bdihg[roomID].getNeededUpperTemperature() >
0.1)||(Building[roomID].getRoomTemperature()- Buiig[roomID].getNeededLowerTemperature() < -0.1))&&(lding[roomID].isHVACON()
== false)){
Building[roomID].HVAC_ Activated();
/lthe method of calculating the needed HVAGtage differs according to type of HVAC
if(VAV){
Building[roomID].CalculateSensibleHeatLoad();
Building[roomID].CalculateLatentHeatLoad();
Building[roomID].EnergyUsed_HVAC =
Math.abs(Building[roomID].getTotalLatentHeat()+Bdithg[roomID].getTotalSensibleHeat());
Building[roomID].EnergyUsed_HVAC =
Math.abs(Building[roomID].EnergyUsed_HVAC/(13000));  //from BTU/hr to needed wattage of the coolingtheadevice assuming
SEER of 13 and COP of 3.809

else{

/Ithe dehumidified air quantity equation 8&XChapter 3 of my thesis report;
the next two equations are in Appendix C

CFM_DA =
(((Building[roomID].getVentilation()*(Building[roonD].getRoomTemperature()+1))-
(CalculateTotalSensibleHeatLoad()/1.08))/(BuildirgimID].getOutsideTemperature()-(2*Building[roomlBgtRoomTemperature())));

T_mixed = (float)
((Building[roomID].getRoomTemperature()*(BuildingiomID].getVentilation()/CFM_DA))+(Building[roomIDyetOutside T emperature()*(((C
FM_DA)-(Building[roomID].getVentilation()))/CFM_DA));
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T_adp = T_mixed-Building[roomID].getRoomTemgieire();
/lenthalpy calculations used for calculating wattage (Indoor means
Dewpoint)
Outside_Enthalpy = (float) (0.24*T_mixedspécific heat capacity of air
Indoor_Enthalpy = (float) (0.24*T_adp); [éxgific heat
capacity of air
Building[roomID].EnergyUsed_HVAC = 4.45*%Oude_Enthalpy-
Indoor_Enthalpy)*CFM_DA,;
Building[roomID].EnergyUsed_HVAC =
Math.abs(Building[roomID].EnergyUsed_HVAC/(13000)); /lfrom BTU/hr to needed wattage of the coolirgglting device
assuming SEER of 13 and COP of 3.809
CFM_DA=0;
}
/lthe next event to check whether the HVACpeeworking or stop is the next second
queue.AddNewJob(new
HVAC_Running(currentTime+1,roomID,measureEventggdntRoomTemperature(), measureEvent.getinstamRioostureContent(),
currentTime));
}

/I this section deals with the light intensiBlculations
/l'if the lights are ON, then the cost of opiergthem for 12 seconds is included in the roaro'st
counter
if(Building[roomID].lightsOff == false){
Building[roomID].costOfRunningTheRoom +=
(2.3*12/3600*Building[roomID].RequiredLightWattaded00);

/lif outside light intensity cannot provide fibre total needed light intensity
if((Building[roomID].getOutsideLightintensity{Building[roomID].getNeededLightIntensity()) <=
0X
Building[roomID].lightsOff = false;
Building[roomID].ShadesOn = false;
/[The required light intensity is defined te the difference between the needed and
outdoor light intensities
requiredLightintensity = -1*(Building[roomIDjetOutsideLightintensity()-
Building[roomID].getNeededLightintensity());
/[The sole light source, an incadescent lighb, is 100W and provides 1750 lumens
Building[roomID].RequiredLightWattage = regedLightintensity/1750*100;

Building[roomID].setRoomLightIntensity(requiredLigntensity+Building[roomID].getOutsideLightinterg));
requiredLightintensity = 0;

} else{//the incoming light intensity is morkan what is asked for, and thus the lights areodf the

shades activate...

Building[roomID].lightsOff = true;// will notalculate light bulb contribution to total cost
of maintenance

requiredLightintensity = 0;

Building[roomID].RequiredLightWattage = 0;

Building[roomID].ShadesOn = true;

Building[roomID].setRoomLightintensity(BuildgiroomID].getNeededLightintensity());

/lif there is a humidifier/dehumidifier andsitiot working, activate it

if((HumidifierBased == true)&&(Building[roomID]sHumidifierOn() ==
false)&&((Building[roomID].getRoomHumidity()-Buildig[roomID].getNeededLowerMoistureContent() < -
0.1)||(Building[roomID].getRoomHumidity()- BuildifigpomID].getNeededUpperMoistureContent() > 0.1)J){{(TheSeason ==
seasonType.fall || TheSeason == seasonType.wir8ém&asureEvent.getinstantRoomMoistureContent() <
Building[roomID].getNeededMoistureContent()))||(@Season == seasonType.spring || TheSeason ==
seasonType.summer)&&(measureEvent.getinstantRoostM@Content() > Building[roomID].getNeededMoist@mtent())))))){

queue.AddNewJob(new HumidifierOn(currentTimgrabmID,

currentTime,measureEvent.getinstantRoomMoisture€u()));

/IRoom "i" 's HVAC is already working and thigemt checks to see whether the HVAC needs to aomtin
working or not
} else if(nextEvent instanceof HYAC_Running){
/Istart of the event's parsin
Activate_ HVAC = (HVAC_Running) nextEvent;
roomlID = Activate_ HVAC.getRoomID();
currentTime = Activate_ HVAC.getArrivalTime();
/IHVAC working in cooling mode (summer or sggjn
if(TheSeason == seasonType.spring || TheSeasgrasonType.summer){
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/lif the room temperature is cool enough, elttee HVAC and record the operational cost
for the period of operation
if((Building[roomID].getRoomTemperature()-
Building[roomID].getNeededLowerTemperature() < §f1)
queue.AddNewJob(new HVAC_Deactivation(curfémte+1, roomiD));
Building[roomID].TotalTimeElapsed += Math.gbsrrentTime -
Activate_HVAC.getStartTime());

Building[roomID].TotalTimeElapsed /= 3600; talchange it to
hours....

Building[roomID].costOfRunningTheRoom +=
(Building[roomID].TotalTimeElapsed*2.3*Building[ranlD].EnergyUsed_HVAC/100); //assuming 2.3 cents/kWh

Building[roomID].EnergyUsed_HVAC = 0; //refieg the energy used after
the HVAC is shut off

Building[roomID].TotalTimeElapsed = 0O;
else{
/lif it is not, keep the HVAC running and dease temperature and relative
humidity according to what was stated in Chaptef By thesis
Building[roomID].setRoomTemperature((float)1*0.002*(currentTime -
Activate_HVAC.getStartTime()))+Activate_ HVAC.getstimagRoomTemperature()));

Building[roomID].setRoomHumidity((float)(Activated VAC.getStartingRoomMoistureContent()*Math. pow((cemt Time-

Activate_HVAC.getStartTime()), (-0.279/2))));

/lthe next scheduled check on whether toinoatoperating the HVAC is
after one second

queue.AddNewJob(new
HVAC_Running(currentTime+1,roomID,Activate_ HVAC.&artingRoomTemperature(),Activate_ HVAC.getStafingmMoistureContent(),
Activate_HVAC.getStartTime()));

}

else{ [[for fall and winter, the same idea agpbut vice-versa; when the temperature is high
enough, stop the HVAC
if(Building[roomID].getRoomTemperature()-
Building[roomID].getNeededUpperTemperature() < 0.1
Building[roomID].setRoomTemperature((float).002*(currentTime -
Activate_ HVAC.getStartTime()))+Activate_ HVAC.getstimagRoomTemperature()));

Building[roomID].setRoomHumidity((float)(Activated VAC.getStartingRoomMoistureContent() *Math. pow((cemt Time-
Activate_HVAC.getStartTime()), (-0.279/2))));
queue.AddNewJob(new
HVAC_Running(currentTime+1,roomID,Activate_ HVAC.@artingRoomTemperature(),Activate_ HVAC.getStafngmMoistureContent(),
Activate_HVAC.getStartTime()));
Jelse{
queue.AddNewJob(new HVAC_Deactivation(curfémte+1, roomiD));
Building[roomID].TotalTimeElapsed += Math.gbsrrentTime -
Activate_HVAC.getStartTime());
Building[roomID].TotalTimeElapsed /= 3600; talchange it to
hours....
Building[roomID].costOfRunningTheRoom +=
(Building[roomID].TotalTimeElapsed*2.3*Building[ranlD].EnergyUsed_HVAC/100);
Building[roomID].EnergyUsed_HVAC = 0O; //retieg the energy used after
the HVAC is shut off
Building[roomID].TotalTimeElapsed = 0O;
}
}

/IHVAC section in Room "i" is stopped...
} else if(nextEvent instanceof HVAC_Deactivatfipn
Deactivate_ HVAC = (HVAC_Deactivation) nextEvent
roomlID = Deactivate_ HVAC.getRoomID();
currentTime = Deactivate_ HVAC.getArrivalTime();
HVAC_Running = false;
Building[roomID].HVAC_Deactivated();
/lafter the HVAC is stopped, the temperatuemnttakes its natural course in Room "i"
queue.AddNewJob(new normal_Temperature_Incréategval(currentTime+1,roomiD));
/IRoom "i" 's HVAC has stopped or never workedktie first place, and the temperature fluctuatesmling to
DesignBuilder's room temperature swing changes$éeeedConstantsinterface)
lelse if(nextEvent instanceof normal_Temperatimerease_Interval){
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/lif the HVAC is not running and the room temgtare is within bounds
if((HVAC_Running == false)&&((((Building[roomID.getRoomTemperature()-
Building[roomID].getNeededLowerTemperature() > Y8&&(Building[roomID].getRoomTemperature()-
Building[roomID].getNeededUpperTemperature() < D)3
Temp_Increase = (normal_Temperature_Increatevhl) nextEvent;
roomID = Temp_Increase.GetRoomID();
currentTime = Temp_Increase.getArrivalTime();
/lin all seasons, the temperature increasdsaeases to the nearest hour's
DesignBuilder Values in a linear fashion, in aceorce to y = mx+c, where m is the slope
/lfor summer and spring...
if(TheSeason == seasonType.spring || TheSeasarasonType.summer){

y_intercept = (float) (No_HVAC_Room_Temp_Susnrftint)
(((currentTime/3600 % 24)))]) - Building[roomID].gRoomTemperature();

y_intercept_Moisture_Content = (float)
(No_HVAC_Room_Moisture_Summer[(int) (((currentTirB800 % 24)))]) - Building[roomID].getRoomHumidity()

currentNumberOfDays = (int) currentTime/86400

x_intercept = ((float)
((currentNumberOfDays*86400)))+(float)(3600*((in}urrentTime-(currentNumberOfDays*86400))/3600)+1))

Building[roomID].setRoomTemperature((float)
((y_intercept/x_intercept)+Building[roomID].getRodmmperature()));

Building[roomID].setRoomHumidity((float)
((y_intercept_Moisture_Content/x_intercept)+BuilgiroomID].getRoomHumidity()));

queue.AddNewJob(new
normal_Temperature_Increase_Interval(currentTim@ehiD));

/lor for fall and winter
else{
y_intercept = (float)
(No_HVAC_Room_Temp_Winter[((int)((currentTime/360@%)))]) - Building[roomID].getRoomTemperature();
y_intercept_Moisture_Content = (float)
(No_HVAC_Room_Moisture_Winter[(int) (((currentTin8800 % 24)))]) - Building[roomID].getRoomHumidity()
currentNumberOfDays = (int) currentTime/86400
x_intercept = ((float)
((currentNumberOfDays*86400)))+(float)(3600*((in}urrentTime-(currentNumberOfDays*86400))/3600)+1))
Building[roomID].setRoomTemperature((float)
((y_intercept/x_intercept)+Building[roomID].getRodmmperature()));
Building[roomID].setRoomHumidity((float)
((y_intercept_Moisture_Content/x_intercept)+BuilgiroomID].getRoomHumidity()));
queue.AddNewJob(new
normal_Temperature_Increase_Interval(currentTim@ehiD));

/lif the temperature is out of bounds, the HVi&@ctivated, as in the event when the variahles a
measured
Jelse{
Building[roomID].HVAC_ Activated();
HVAC_Running = true;
if(VAV){
Building[roomID].CalculateSensibleHeatLoad();
Building[roomID].CalculateLatentHeatLoad();
Building[roomID].EnergyUsed_HVAC =
Math.abs(Building[roomID].getTotalLatentHeat()+Bdithg[roomID].getTotalSensibleHeat());
Math.abs(Building[roomID].EnergyUsed_HVAC (£3000)); /lfrom
BTU/hr to needed wattage of the cooling/heatinga®assuming SEER of 13 and COP of 3.809
CFM_DA =0;

else{

CFM_DA =
(((Building[roomID].getVentilation()*(Building[roonD].getRoomTemperature()+1))-
(CalculateTotalSensibleHeatLoad()/1.08))/(BuildirgimID].getOutsideTemperature()-(2*Building[roomlBgtRoomTemperature())));

T_mixed = (float)
((Building[roomID].getRoomTemperature()*(BuildingiomID].getVentilation()/CFM_DA))+(Building[roomIDyetOutside T emperature()*(((C
FM_DA)-(Building[roomID].getVentilation()))/CFM_DA));

T_adp = T_mixed-Building[roomID].getRoomTemgieire();

Outside_Enthalpy = (float) (0.24*T_mixedspécific heat capacity of air
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Indoor_Enthalpy = (float) (0.24*T_adp); [éxgific heat
capacity of air
Building[roomID].EnergyUsed_HVAC = 4.45*%Oude_Enthalpy-
Indoor_Enthalpy)*CFM_DA,;
Math.abs(Building[roomID].EnergyUsed HVAC/3000);
/lfrom BTU/hr to needed wattage of the coolingthendevice assuming SEER of 13 and COP of 3.809
CFM_DA=0;

}
queue.AddNewJob(new
HVAC_Running(currentTime+1,roomID,Building[roomIRjetRoomTemperature(), Building[roomID].getRoomHuityiJ, currentTime));

/IRoom "i" 's outside conditions are adjustedrgvhour in accordance to DesignBuilder's exaaieslsee the
SharedConstants interface)
} else if (nextEvent instanceof adjust_Outsidenditions){
Adjust_Conditions = (adjust_Outside_ConditionextEvent;
currentTime = Adjust_Conditions.getArrivalTinye(
queue.AddNewJob(new adjust_Outside_Conditions(€ntTime+3600)));

if(TheSeason == seasonType.spring || TheSeasgrasonType.summer){
for(int i=0; i<= Building.length-1; i++){
Building[i].setOutsideTemperature((float)
TypicalOutsideTemperaturesSummer[(int)((current78680%24))]);

Building]i].setOutsideMoistureContent(ThePsychrane€hart.PerformRHtoGRFunction(Building[i].getOidsTemperature(),
(float) ((float) 0.01*TypicalOutsideRelativeHumigiBummer[(int)((currentTime/3600%24))]),230));
Building[i].setOutsideLightintensity((float)
TypicalLightintensitiesSummer|[(int)(currentTime/3B%24)]);

Jelse{
for(int i=0; i<= Building.length-1; i++){
Building[i].setOutsideTemperature((float)
TypicalOutsideTemperaturesWinter[(int)((currentTiB&00%24))]);

Building]i].setOutsideMoistureContent(ThePsychrano€hart.PerformRHtoGRFunction(Building[i].getOidsTemperature(),
(float) ((float) 0.01*TypicalOutsideRelativeHumigiitvinter[(int)((currentTime/3600%24))]),230));
Building[i].setOutsideLightintensity((float)
TypicalLightintensitiesWinter[(int)((currentTime/B6%24))]);
}

//People are entering or leaving room "i"* anchgdo another room within the home
lelse if(nextEvent instanceof ExchangePeople®etviRooms){
/Istart of event's parsing
int OtherRoomID;
TheExchange = (ExchangePeopleBetweenRooms vent;
roomID = TheExchange.getRoomID();
OtherRoomID = roomID;
/lif there is more than one room in the home
if(Building.length > 1){
while((OtherRoomID == roomID)||(OtherRoomIDOBuilding.length-1)))}{
OtherRoomID = (int)(Math.random()*10); //ahet room is chosen at
random

}
currentTime = TheExchange.getArrivalTime();
if(Building[roomID].ReturnTotalNumberOfPeop)eQ){
if(Building[OtherRoomID].ReturnTotalINumberQdBple() < 100){
Building[roomID].decrementCurrentNumberOfpksg);
Building[OtherRoomID].incrementCurrentNum@éPeople();

}

/lthe next exchange happens (for room "i"¢ra®0 minutes
queue.AddNewJob(new
ExchangePeopleBetweenRooms((currentTime+(30*6@niD));

/lthe user chose to include a humidifier/dehufigidoption, and it has been turned on or is cutfgein
operation
} else if(nextEvent instanceof HumidifierOn){
/Ibeginning to parse the event
HumidifierActive = (HumidifierOn) nextEvent;
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roomlID = HumidifierActive.getRoomID();
currentTime = HumidifierActive.getArrivalTime()
Building[roomID].toggleHumidifier(true);
/lfor spring and summer...
if(TheSeason == seasonType.spring || TheSeasarasonType.summer){
/l...if the RELATIVE HUMIDITY, not the mosite content, is withing
bounds, stop the hum/dehum and calculate the apeshtost of its usage

if(ThePsychrometricChart.PerformGRtoRHFunction(Bimg[roomID].getRoomTemperature(),
Building[roomID].getRoomHumidity(), 230)- ThePsyometricChart.PerformGRtoRHFunction(Building[roomI§&tRoomTemperature(),
Building[roomID].getNeededLowerMoistureContent(B® < 0.1){
gueue.AddNewJob(new HumidifierOff(currentE#1, roomID));
Building[roomID].TotalTimeElapsedHumidifier
Math.abs(currentTime - HumidifierActive.getStarfiime());

Building[roomID].TotalTimeElapsedHumidifiér 3600;
/Ito change it to hours....

Building[roomID].costOfRunningTheRoom +=
(Building[roomID].TotalTimeElapsedHumidifier*2.3*6/100);  //humidifier works at 3000 W

Building[roomID].TotalTimeElapsedHumidifier O;

Yelse{//if not, then keep the hum/dehumidieated according to Equation 3-3
in my Thesis

Building[roomID].setRoomHumidity((float)(Humidifig\ctive.getStartingMoisture Content()*Math. pow((cemt Time-
HumidifierActive.getStartingTime()), (-0.279/2))));
gueue.AddNewJob(new
HumidifierOn(currentTime+1,roomID,HumidifierActivgetStartingTime(),HumidifierActive.getStartingMaiseContent()));
}

/Ithis also applies, but vice versa, to tHeaad winter seasons
else{

if(ThePsychrometricChart.PerformGRtoRHFunction(Bimg[roomID].getRoomTemperature(),
Building[roomID].getRoomHumidity(), 230)- ThePsyometricChart.PerformGRtoRHFunction(Building[roomI§étRoomTemperature(),
Building[roomID].getNeededUpperMoistureContent@02 < -0.1){

Building[roomID].setRoomHumidity((float)(Humidifig\ctive.getStartingMoisture Content()*Math. pow((cemt Time-

HumidifierActive.getStartingTime()), (0.279/2))));

gueue.AddNewJob(new
HumidifierOn(currentTime+1,roomID,HumidifierActivgetStartingTime(),HumidifierActive.getStartingMaiseContent()));

else{

gueue.AddNewJob(new HumidifierOff(currentE#1, roomID));

Building[roomID].TotalTimeElapsedHumidifier
Math.abs(currentTime - HumidifierActive.getStarfiime());

Building[roomID].TotalTimeElapsedHumidifiér 3600;
/Ito change it to hours....

Building[roomID].costOfRunningTheRoom +=
(Building[roomID].TotalTimeElapsedHumidifier*2.3*6/100);  //humidifier works at 500 W

Building[roomID].TotalTimeElapsedHumidifier O;
}

/IRoom "i" 's hum/dehum is turned off

} else if(nextEvent instanceof HumidifierOff){
Humidifierlnactive = (HumidifierOff) nextEvent;
roomID = Humidifierlnactive.getRoomID();
currentTime = Humidifierlnactive.getArrivalTire
/lthe turning off itself...
Building[roomID].toggleHumidifier(false);

}

Ylend of initiate simulation
/*

*

*
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/[This function displays the output CSV file shabtihe user choose to press the button initiating so
public void ShowOutputFile() throws IOException{

Desktop.getDesktop().open(new File("C:\\Documemd Settings\\rzach007\\DesktopResultOutput.csv"))
}

/Ithis function calculates the TOTAL instantanebeat load across all rooms in a home; a simplersation
private float CalculateTotalSensibleHeatLoad(){
float tempTotalSensibleHeatLoad = 0;

for (int i=0; i<= Building.length-1; i++){
Building[i]. CalculateSensibleHeatLoad();
tempTotalSensibleHeatLoad += Building[i].getEfieeSensibleHeat();

}

return tempTotalSensibleHeatLoad;

/lthis function calculates the total operationastcfor the whole home; a simple summation of titaintaneous costs of all rooms
private float CalculateTotalBuildingCost(){
float tempTotalCost = 0;
for (int i =0; i<= Building.length-1; i++){
tempTotalCost+= Building[i].costOfRunningTheRoom

return tempTotalCost;

}

Ylend of buildingConstruct.java

/
File: Door.java

This class deifines the object "door", which is giyra. door that opens and closes
IN: Type of door, whether inner or outer

OUT: The instance of this class, with the user-ttgalitype of door

package decision_Handling_Module;
import simulator_Backbone.*;

public class Door implements SharedConstants{
doorType type;
boolean openOrNot;

[lthis function re-sets the type of door, whetineer or outer, if needed
public Door(doorType tempDoorType){
type = tempDoorType;

/*
* this function returns the type of door, whetirerer or outer
*
public doorType getDoorType()}{
return type;
}

/*
* this function checks to see whether the doapiened or not
*
public boolean isDoorOpen(){
return openOrNot;
}

/*

* this fucntion sets the door to open --> trueclosed --> false

*

public void setDoorStatus(boolean statusDoor){
openOrNot = statusDoor;

}

Ylend of Door.java

/
Room.java

This class describes a "room" in the home; this comtains door(s), walls, a light
sources, and people residing within its walls
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IN: Starting Room Conditions, starting simulatoneé, and outisde conditions

OUT: Object(s) which are implementations of thissd, and which are used by the
simulator to simulate the CEMA algorithms. In peutar, the sensible and latent heat
loads of this room can be instantaneously calcdlfitam this class

package decision_Handling_Module;

import simulator_Backbone.*;

import misc_Operations.*;

public class Room implements SharedConstants{

private int RoomiID;

/lcurrent room conditions

private int CurrentNumberOfPeople;

private float RoomTemperature;

private float RoomMoistureContent;

private float RoomLightintensity;

private Door door = null; //when and if needed gaternal door is included here

seasonType TheSeason = null;

/loutside room conditions

private float OutsideTemperature;

private float OutsideMoistureContent;

private float OutsideLightintensity;

/linstantaneous current simulator time

public double TheCurrentTime;

/Ineeded room conditions

private float Needed_Upper_Temperature;

private float Needed_Upper_Moisture_Content;

private float Needed_Lower_Temperature;

private float Needed_Lower_Moisture_Content;

private float Needed_Light_Intensity;

/linstantaneous required lighting device wattagyeafconstant luminosity level

public float RequiredLightWattage = 0;

/lthe minimum HVAC wattage required for "comfoftémperature and RH)

public double EnergyUsed_HVAC;

/IVariables used for calculating the running ofieral cost

public double costOfRunningTheRoom = 0; //in Dadla

public double TotalTimeElapsed = 0; /lin hours

public double TotalTimeElapsedHumidifier = 0; /hiours

/Ibooleans decribing the operation of the lightamgl/or the shades in the room

public boolean lightsOff = true;

public boolean ShadesOn = false;

/IVariables and constants used in the calculatidrike minimum HVAC wattage required (the consteare used as is from
DesignBuilder)

float TempVentilation = -20;

float Templnfiltration = -20;

float SolarHeatGainFactor = (float) 0.758;

float StorageFactor = (float) 1.3;

/lthe instance of the class which uses the extedhidile implementing all the psychrometric fuiimns

static psychrometricFunctions ThePsychrometricCharew psychrometricFunctions();

/Ibooleans describing the current state of the BYshades and humidifier

private boolean HVAC_ON;

private boolean Shades_On;

private boolean Humidifier_On;

/Ivariables used to hold intermediate values endhlculations towards the minimum required HVAGtage

static public float TempLatentHeatLoad = O;

static public float TempSensibleHeatLoad = 0;

static public float TotalLatentHeat = 0O;

static public float TotalSensibleHeat = 0;

Ilthe constructor, where all outside values asigagd to local variables
public Room(int ID, float RoomTemp, float RoomHuinfloat Light, float OutsideTemp, float Moistureent, float
OutLightintensity, seasonType Season, double ctifiere)

RoomID = ID;

RoomMoistureContent = RoomHumid;
RoomTemperature = RoomTemp;
RoomlLightintensity = Light;
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OutsideTemperature = OutsideTemp;

OutsideMoistureContent = MoistureContent;

OutsideLightintensity = OutLightIntensity;

CurrentNumberOfPeople = 1;

Needed_Upper_Temperature = ZonesProperties.gat{R)[17];
Needed_Upper_Moisture_Content = ZonesPropergg®gomID)[18]*100;
Needed_Lower_Temperature = ZonesProperties.getiR®)[23];
Needed_Lower_Moisture_Content = ZonesPropergg&gomID)[24]*100;
Needed_Light_Intensity = ZonesProperties.get(R@)[h9];
TheCurrentTime = currentTime;

TheSeason = Season;

HVAC_ON = false;

Shades_On = false;

Humidifier_On = false;

}

[lthe following methods get or set all of the abestated variables, and the methods' titles afeexplanatory
public boolean IsHumidifierOn(){
return Humidifier_On;

public void toggleHumidifier(boolean Humidifier){
Humidifier_On = Humidifier;

public float getEffectiveLatentHeat(){
return TempLatentHeatLoad;

public float getEffectiveSensibleHeat(){
return TempSensibleHeatlLoad,;

public float getTotalLatentHeat(){
return TotalLatentHeat;

public float getTotalSensibleHeat(){
return TotalSensibleHeat;

public float getVentilation(){
return TempVentilation;

}
public int getRoomID(){
return RoomID;

public void incrementCurrentNumberOfPeople(){
if(CurrentNumberOfPeople < 100){
CurrentNumberOfPeople++;
}

public void decrementCurrentNumberOfPeople(){
if(CurrentNumberOfPeople > 0){
CurrentNumberOfPeople--;

}

}

public int ReturnTotalNumberOfPeople(){
return CurrentNumberOfPeople;

}

public Door getDoor(){
return this.door;

}
public void SetDoor(){

door = new Door(doorType.Outer);
}

public float getRoomTemperature(){
return RoomTemperature;
}

/*

*

*

public void setRoomTemperature(float NewTempeefur
RoomTemperature = NewTemperature;
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}
public float getRoomHumidity(){
return RoomMoistureContent;

public void setRoomHumidity(float NewMoistureContg
RoomMoistureContent = NewMoistureContent;

public float getRoomLightintentsity(){
return RoomLightintensity;

}
public void setRoomLightintensity(float newLightemsity){
RoomLightintensity = newLightintensity;

public void setOutsideTemperature(float newOufBataperature){
OutsideTemperature = newOutsideTemperature;

public float getOutsideTemperature(){
return OutsideTemperature;

public void setOutsideMoistureContent(float newstareContent){
OutsideMoistureContent = newMoistureContent;

public float getOutsideMoistureContent(){
return OutsideMoistureContent;

public void setOutsideLightintensity(float newLidtensity){
OutsideLightintensity = newLightintensity;

}
public float getOutsideLightintensity(){
return OutsideLightintensity;

}
public float getNeededUpperTemperature(){
return Needed_Upper_Temperature;

public float getNeededUpperMoistureContent(){
return Needed_Upper_Moisture_Content;

public float getNeededLowerTemperature(){
return Needed_Lower_Temperature;

public float getNeededLowerMoistureContent(){
return Needed_Lower_Moisture_Content;

}

public float getNeededLightintensity(){
return Needed_Light_Intensity;

}

public void HVAC_Activated(){
HVAC_ON = true;

}
public void HVAC_Deactivated(){
HVAC_ON = false;

}

public boolean isHVACON(){
return HVAC_ON,;

}

public boolean areShadesOn(){
return Shades_On;
}

public void ActivateShades(){
Shades_On = true;

}

public void DeactivateShades(){
Shades_On = false;

}

/*
* This function calculates the sensible heat loathe room at any instant, exactly accordingie¢alculations set in Appendix C,
and in the order of the equations set there
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*
public void CalculateSensibleHeatLoad()
{
TempVentilation = 0;
Templnfiltration = O;
TempSensibleHeatLoad = 0;
TempLatentHeatLoad = 0;
TotalSensibleHeat = 0;
TotalLatentHeat = 0;
TempVentilation = (float)
((CurrentNumberOfPeople*20)+(0.33*ZonesPropertie§fgoomID)[0]*ZonesProperties.get(RoomID)[1]));
if((door != null)&&(Door.open)){
Templnfiltration = (float)(6.5*ZonesPropertiestRoomID)[21]*ZonesProperties.get(RoomID)[22]);
Jelse{
Templnfiltration = O;

/[Solar Gain through glass
TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[13]*ZonesPropertie$RmimID)[15]*ZonesProperties.get(RoomID)[16]*SolaktGainFactor*0.85;

/[Transmission and Solar Gain through Walls andfR effect of outdoor air

if((TheSeason == seasonType.summer)||(TheSeassaasonType.spring)){

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[4]*ZonesPropertiesRedmID)[5]*EquivalentTempDiffNotRoof[0][(int)(TheQuentTime/3600%24)]*0.06 2;
/lwalls

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[6]*ZonesPropertiesRedmID)[7]*EquivalentTempDiffNotRoof[1][(int)(TheQuentTime/3600%24)]*0.062;
/lwalls

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[8]*ZonesPropertiesRedmID)[9]*EquivalentTempDiffNotRoof[2][(int)(TheQuentTime/3600%24)]*0.062;
/lwalls

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[10]*ZonesPropertie$RmmID)[11]*EquivalentTempDiffNotRoof[3][(int)(Th€urrentTime/3600%24)]*0.062
; Ilwalls

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[0]*ZonesPropertiesRedmID)[1]*EquivalentTempDiffRoof[(int)(TheCurrentihe/3600%24)]*0.044; //roof

Jelse{

TempSensibleHeatLoad+=
((ZonesProperties.get(RoomID)[4]*ZonesPropertiggR@omID)[5])+(ZonesProperties.get(RoomID)[6]*ZoResperties.get(RoomID)[7])+(Zo
nesProperties.get(RoomID)[8]*ZonesProperties.gat(R®)[9])+(ZonesProperties.get(RoomID)[10]*Zonespedies.get(RoomID)[11]))*(Out
sideTemperature-RoomTemperature)*0.062;//walls

TempSensibleHeatLoad+=
ZonesProperties.get(RoomID)[0]*ZonesPropertiesRedmID)[1]*(OutsideTemperature-RoomTemperature)43.@roof

}

TempSensibleHeatLoad +=
ZonesProperties.get(RoomID)[12]*ZonesPropertie§RmmID)[15]*ZonesProperties.get(RoomID)[16]*(Outsil emperature-
RoomTemperature)*(0.568); //through glass

TempSensibleHeatLoad +=
2*ZonesProperties.get(RoomID)[0]*ZonesPropertiegRe@omID)[1]*0.656*(OutsideTemperature-RoomTemperat5);

if(Templnfiltration>TempVentilation){

TempSensibleHeatLoad += (Templnfiltration-Tempiilation)*(OutsideTemperature-
RoomTemperature)*1.08;

}

TempSensibleHeatLoad += (CurrentNumberOfPeoplé*52);

TempSensibleHeatLoad += 50*1.25*3.4;//assume lggié in area is 50W bulb

TempSensibleHeatLoad+= -1*StorageFactor*Zonesfttms.get(RoomlID)[0]*ZonesProperties.get(RoomI)[1

TotalSensibleHeat = (float) (TempSensibleHeatko®dmpVentilation*(OutsideTemperature-RoomTempeaitid.08);

}

/*

* This function calculates the latent heat lo&dthe room at any instant, exactly according todakeulations set in Appendix C, and
in the order of the equations set there

*

public void CalculateLatentHeatLoad()
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if(Templnfiltration > TempVentilation){

TempLatentHeatLoad += (Templnfiltration - Temp¥Nation)*(OutsideMoistureContent-
RoomMoistureContent)*0.68;

}

TempLatentHeatLoad += (CurrentNumberOfPeople*20);

TemplLatentHeatLoad +=
((ZonesProperties.get(RoomID)[4]*ZonesPropertiegR@omID)[5])+(ZonesProperties.get(RoomID)[6]*Zoesperties.get(RoomID)[7])+(Zo
nesProperties.get(RoomID)[8]*ZonesProperties.gat(R®)[9])+(ZonesProperties.get(RoomID)[10]*Zonespedies.get(RoomID)[11]))*0.01
*(OutsideMoistureContent-RoomMoistureContent)*(0+DR3);

TemplLatentHeatLoad +=
2*ZonesProperties.get(RoomID)[0]*ZonesPropertiegRe@omID)[1]*10.764*0.01*(OutsideMoistureContent-BmMoistureContent)*(0.5);

TotalLatentHeat = (float) (TempLatentHeatLoad+f/entilation*(OutsideMoistureContent-
RoomMoistureContent)*0.68));

}

“input_Output_Manipulation”
/
File: CSV_Parser.java

This file handles parsing the input files contagnthe home's rooms' properties
and handles the output file where the instantaneondition of all the rooms are
into

IN: The Input File "RoomProperties.csv"

OUT: The Output file "DesktopResultOutput.csv"

package input_Output_Manipulation;
import java.util.Map;

import java.util.Map.Entry;

import java.util.*;

import java.io.*;

import net.sf.csv4j.CSVFileProcessor;
import net.sf.csv4j.CSVFieldMapProcessor;
import net.sf.csv4j.CSVWriter;

import simulator_Backbone.*;

public class CSV_Parser implements SharedConstants{

/Iboth files needed to write up the output file
FileWriter fileWriter = null;
CSVWriter csvWriter = null;
public CSV_Parser(){
try {
/lthe output file is initiated
fileWriter = new FileWriter( "C:\\Documents ai&ttings\\rzach007\\DesktopResultOutput.csv" );
csvWriter = new CSVWriter( fileWriter );
} catch (Exception e) {
e.printStackTrace();
}

public void ReturnParsedValues()throws Exception{

final CSVFileProcessor fp = new CSVFileProcesgsor(
IIhere, the input file is processed
fp.processFile( "C:\Documents and
Settings\\rzach007\\workspace\\Rami_Henry_5012602siE_Simulator\\src\\RoomProperties.csv", new CislMapProcessor() {
@SuppressWarnings("unchecked")
public void processDatalLine(final int linenumptnal Map<String,String> fields) {
/lfor each element in a data line, firgnitist be checked that the new data element beirsggas from the
same line (same room)
/lif not, then a new row is added to the arftagneProperties” (1). In either case, the headeach
piece of data is extracted and the
/land the piece of data is then placed in &iqudar position in the array according to that dheds
value, as is seen below.
float[] TempRoomProperties = null;
int OldLineNumber = 0;
for ( final Entry field : fields.entrySet{}

if(OldLineNumber!=linenumber){
OldLineNumber = linenumber;
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ZonesProperties.add(new float[25]); 11(2)

}if (field.getKey().equals("Length")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[0] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("Width")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[1] = Float.parseFIlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Height")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[2] = Float.parseFlgglt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("Number lofdoor Walls")){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[3] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("North Fag")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[4] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("North Argx
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[5] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("East Fagi)){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[6] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("East arpd"

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[7] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("South Fagf)){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[8] = Float.parseFlggt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("South Argd
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[9] = Float.parseFlgglt{fgetValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("West Fagii{

TempRoomProperties = ZonesPropertiesigetimber-2);

TempRoomProperties[10] = Float.parseFfeatl.getValue().toString());

ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("West Argg"
TempRoomProperties = ZonesPropertiesigetimber-2);

TempRoomProperties[11] = Float.parseFfeatl.getValue().toString());

ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Number Ouitdoor Windows")){
TempRoomProperties = ZonesPropertiesigetimber-2);

TempRoomProperties[12] = Float.parseFfeatl.getValue().toString());

ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Number 8finlit Outdoor Windows")){
TempRoomProperties = ZonesPropertiesigetimber-2);

TempRoomProperties[13] = Float.parseFfeatl.getValue().toString());

ZonesProperties.set(linenumber-2, TempRRyoperties);
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TempRoomProperties = null;

}else if (field.getKey().equals("Number lofdoor Windows")){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[14] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Length @findow")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[15] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Width Of Mtlow")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[16] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("NeededUppemperature”)){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[17] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("NeededUpRelativeHumidity") {
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[18] = Float.parseFfeatl.getValue().toString())/100;
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("NeededLtgitensity")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[19] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("Number ©ltdoor Doors")){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[20] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("Length Boor")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[21] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}else if (field.getKey().equals("Width ofdor")){

TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[22] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("NeededLawWemperature™)){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[23] = Float.parseFfeatl.getValue().toString());
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

lelse if (field.getKey().equals("NeededLaRelativeHumidity")){
TempRoomProperties = ZonesPropertiesigetimber-2);
TempRoomProperties[24] = Float.parseFfeatl.getValue().toString())/100;
ZonesProperties.set(linenumber-2, TempRRyoperties);
TempRoomProperties = null;

}
}

/lthe next two functions are related to the GB/parsing technique used in this thesis
@SuppressWarnings("unused")
public void processHeaderLine(int arg0, List«®ir argl) {

/l TODO Auto-generated method stub

}

public boolean continueProcessing()

{

return true;
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}
b
}
/*
* This function is used to write the header & thutput file
*
public void InitiateOutputFile(String TheComment){
try {
csvWriter.writeCommentLine(TheComment);
csvWriter.writeLine( new String[] { "Room ID","ime(sec)", "Temp(C)", "Humidity(%)", "Light
Intensity","Cost of Running Room ($)","Cost of Rung the whole building ($)", "Outside Tempersture(€us)", "IsHvacOn"} );
} catch (Exception e) {
/| TODO Auto-generated catch block
e.printStackTrace();

}
/*
* This function is used each time a room's caadits recorded. This function actually writes thega to the file....line by line, for
every capture
*
public void WriteDataLine(double[] TheData){
try {
csvWriter.writeLine(new String[] {Double.toStg(TheData[0]),
Double.toString(TheData[1]),Double.toString(TheOaiaDouble.toString(TheData[3]),Double.toString@Data[4]),Double.toString(TheData[
5]),Double.toString(TheData[6]),Double.toString(Dreta[7]),Double.toString(TheData[8])});
} catch (Exception e) {
/| TODO Auto-generated catch block
e.printStackTrace();

}

/lthis function closes the output file
public void CloseOutputFile(){
try {
fileWriter.close();
} catch (Exception e) {
/| TODO Auto-generated catch block
e.printStackTrace();

“Queue_Element_Types”
/
[1] File: adjust_Outside_Conditions.java and others

These 10 files describe the 10 types of eventsathedmpass all CEMA algorithms
currently coded in this simulator. These eventsiarerder of appearence:

[1]outside conditions that are adjusted everyisg {one hour here)[2] door closing *
[3] Door opening [4] People moving between roonisibe hum/dehum turned off

[6] The hum/dehum turned on [7] The HVAC turned [&ff The HVAC turned on

[9] The room's variables are captured, recordedaated upon [10] The room's
temperature, without any man-made interferenceygbs.

NOTE: All these classes inherit from the class DyiiEvent which generically describes
what an event should contain (here, it is the ttamap of the event)

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class adjust_Outside_Conditions extends byoBvent implements SharedConstants {

public adjust_Outside_Conditions(double time){
super(time);



Appendix A: CEMA Simulator Code

}

/
[2] File: DoorClose.java

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class DoorClose extends DynamicEvent implem&haredConstants{

private int roomiD;
public DoorClose(double closingTime, int idRoom){
super(closingTime);
roomID = idRoom; //the room ID where this doorighis closing resides

*/

public int getRoomID(){
return roomiD;

}

}

/
[3] File: DoorOpen.java

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class DoorOpen extends DynamicEvent implém8haredConstants {

private doorAction doorsAction;

private int roomiD;

public DoorOpen(double time,doorAction state,dRoom){
super(time);
doorsAction = state;
roomID = idRoom;

}

public doorAction getDoorAction(){
return doorsAction;
}

public int GetRoomID(){
return roomiD;
}

}

/
[4] File: ExchangePeopleBetweenRooms.java

package Queue_Element_Types;
import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class ExchangePeopleBetweenRooms extendarbigEvent implements SharedConstants{

private int roomiD;

public ExchangePeopleBetweenRooms(double TimégdRbom){
super(Time);
roomID = idRoom;
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*

*/

public int getRoomID(){
return roomiD;

}

}

/
[5] File: HumidifierOff.java

package Queue_Element_Types;
import simulator_Backbone.DynamicEvent;
import simulator_Backbone.SharedConstants;
public class HumidifierOff extends DynamicEvent iements SharedConstants {
private int roomiD;
public HumidifierOff(double closingTime, int idRaD{
super(closingTime);
roomID = idRoom;

}

public int getRoomID(){
return roomiD;
}

}

/
[6] File: HumidifierOn.java

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class HumidifierOn extends DynamicEvent iempents SharedConstants {

private int roomiD;
private double StartingTime;
private float StartMoisture;

public HumidifierOn(double closingTime, int idRogouble StartTime,float StartingMoistureContent){
super(closingTime);
roomID = idRoom;
StartingTime = StartTime;
StartMoisture = StartingMoistureContent;

}

public int getRoomID(){
return roomiD;
}

public double getStartingTime(){
return StartingTime;
}

public float getStartingMoistureContent(){
return StartMoisture;
}

}

/
[7] File: HVAC_Deactivation.java

package Queue_Element_Types;
import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;
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public class HVAC_Deactivation extends DynamicEviemplements SharedConstants {
private int ID;

public HVAC_Deactivation(double time, int room_ID)
super(time);

ID = room_ID;
}
public int getRoomID(){
return ID;
}

}

/
[8] File: HVAC_Running.java

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class HVAC_Running extends DynamicEvent ienpénts SharedConstants {

private int ID;

private double RoomTemperature_Initial;
private double RoomMoistureContent;
private double StartTime;

public HVAC_Running(double time,int idRoom, doul8tartingRoomTemperature, double StartingRoomMaé€ontent, double

StartingTime){

super(time);

ID = idRoom;

/lused for many types of calculations

RoomTemperature_Initial = StartingRoomTemperature

RoomMoistureContent = StartingRoomMoistureContent

StartTime = StartingTime;

}

public int getRoomID(){
return ID;

}

/*

* this function sets a new starting time for Hi&AC

*

public void setStartTime(int NewStartTime){
StartTime = NewStartTime;

}

/*
* this function gets the starting time for the A@
*
public double getStartTime(){
return StartTime;
}

/*
* this function gets the initial temperature dtieh the HVAC was activated
*
public double getStartingRoomTemperature(){
return RoomTemperature_|Initial;
}

/*

* this function sets the initial temperature dtieh the HVAC was activated

*

public void setStartingRoomTemperature(double Texnapire){
RoomTemperature_Initial = Temperature;

}

/*
* this function gets the initial moisture conteimt grains per pound at which the hum/dehum wésated
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*

public double getStartingRoomMoistureContent(){
return RoomMoistureContent;

}

}

/
[9] File: MeasureRoomVariables.java

NOTE: Other than the usual function that is comrmoall event classes, this class
contains functions that gets or sets the belovedtedom variables

package Queue_Element_Types;

import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class MeasureRoomVariables extends DynanginExvnplements SharedConstants{

/lroom variables to be captured

float RoomTemp;

float RoomMoistureContent;

float RoomLightintensity;

int ID;

public MeasureRoomVariables(double MeasuringTiimte;oomID){
super(MeasuringTime);
ID = roomiD;

}

public float getinstantRoomTemperature(){
return RoomTemp;

public void changeRoomTemperature(float NewRoompenature){
RoomTemp = NewRoomTemperature;

public void changeMoistureRoomContent(float NewbMoreContent){
RoomMoistureContent = NewMoistureContent;

}
public void changeLightintensity(float NewLightbnisity){
RoomLightintensity = NewLightIntensity;

public float getinstantRoomMoistureContent(){
return RoomMoistureContent;

public float getinstantRoomLightintensity(){
return RoomLightintensity;

}

public int getRoomID(){
return ID;

}

}

/
[10] File: normal_Temperature_Increase_Intervahjav

package Queue_Element_Types;
import simulator_Backbone.DynamicEvent;

import simulator_Backbone.SharedConstants;

public class normal_Temperature_Increase_Intentainels DynamicEvent implements SharedConstants {

private int ID;
public normal_Temperature_Increase_Interval(dotibie, int roomID)

{
super(time);
ID = roomID;

}

public int GetRoomID(){
return ID;

}

}

/
FILE: Dynamic Event.java (property of PostDoc Alddiainid El Shoul)
This class describes the generic event on whicBBMA simulator events are based on *
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IN: Event time
OUT: The generic event

package simulator_Backbone;
public class DynamicEvent {
private double arrivalTime;

public DynamicEvent(double time){
arrivalTime = time;
}

public void setArrivalTime(double temptime){
arrivalTime = temptime;
}

public double getArrivalTime(){
return arrivalTime;
}

}

/
FILE: SharedConstants.java

IN: NONE

OUT: The relevant classes which implement thisrfate

package simulator_Backbone;

import java.util. ArrayList;

public interface SharedConstants {

public enum doorAction{personin,personOut};

public enum doorType{Ilnner, Outer};

public final boolean closed = false;

public final boolean open = true;

public enum seasonType {summer,fall,winter,spring}

public seasonType SimulationSeason = null;

/lthese set of values correspond to the equivademperature difference every hour, in F, betwéerouter and inner surface of any
wall, in summer and spring only. These values @&extfrom [Car65], for the roof and for other sacés, respectively

public float [] EquivalentTempDiffRoof = {17,13,19,6,4,3,2,3,6,10,16,23,28,33,38,40,41,39,35,324230};

[lthis is a 2-D array corresponding to the diffgrealues, in 24 hours, for walls facing all foangpass directions

public float [] [] EquivalentTempDiffNotRoof = {{21,0,-1,-2,-3,-3,-4,-3,-2,-1,0,3,6,8,10,11,12,121028,6,4},{4,3,1,1,0,-1,-
1,0,21,30,31,31,19,14,13,12,13,14,13,12,11,10£3},1,0,-1,-1,-3,-4,-3,-
2,7,12,20,24,25,26,23,20,15,12,10,8,6,4},{5,4,3320,0,0,2,4,7,10,19,26,34,40,41,36,28,16,10,6}};

/IThe next set of arrays have names that areegpl&natory, suffice it to say that these valuesdirect from DesignBuilder; the
arrays' names describe the conditions on whictethearly figures were extracted

public double [] TypicalOutsideTemperaturesSummer
{69.13142857,68.48857143,67.46,66.48285714,66.5D8567.56285714,69.62,71.72857143,73.94,76.254286 R/ 428571,79.54571429,82
.04,83.81428571,80.29142857,79.49428571,79.887/B44,142857,75.45714286,73.78571429,72.165714 3B 7. 16}

public double [] TypicalOutsideTemperaturesWintgr0.837142857,-1.3,-0.914285714,-1.3257142867-21242857,-2.74,-
2.251428571,-2.868571429,-
1.634285714,0.037142857,0.86,2.531428571,3.2,4 7089 ,5.617142857,6.388571429,6.568571429,6.6 2,62R671,5.514285714,4.92285
7143,4.022857143,3.045714286,2.48};

public double [] TypicalOutsideRelativeHumiditySorar =
{85.83246256,85.78639416,88.43103999,90.2662579418607487,90.30805586,85.37308856,80.36379834,38135,72.48070352,69.3061
5606,66.23261462,60.19962176,55.83213774,61.739584608588286,64.20334634,67.29575288,70.47645371,24735,75.41847672,78.3
0570848,81.6839628,83.23301566};

public double [] TypicalOutsideRelativeHumidity\Wen =
{64.6777482,65.902192,65.70864443,64.73698723,645554,66.60960892,66.70596505,68.24011876,68.03%787.13938904,66.050345
7,64.8841179,64.77484236,64.56306584,64.0232306%54631707,63.61984287,63.01498718,63.88737117,630P6,63.97207406,64.68623
783,66.56755595,65.37778649};

/l...only the next two arrays were not from De8igitder; these were the author's educated guesses

public double [] TypicalLightIntensitiesSummer 8,%,0,0,0,5,10,20,30,40,60,80,80,80,60,60,50,42088,0,0,0};

public double [] TypicalLightIntensitiesWinter ©{5,0,0,0,0,0,5,10,15,30,40,60,80,80,50,30,20,0@%,0};

public double [] No_HVAC_Room_Temp_Summer = {77428571,76.86428571,76.43571429,76.00285714,
75.60428571,75.43285714,76.86571429,77,77.7,78185779.85571429,81.01714286,82.06714286,82.83578250857143,82.02142857,
77.13285714,77,77,77,77,77,77,77.76285714};
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public double [] No_HVAC_Room_Temp_Winter =
{18.16571429,17.02285714,16.41857143,15.957142864734286,14.98571429,14.66142857,14.52428571,285714,16.05714286,17.28,1
7.91,18.33857143,18.74428571,19.08285714,19.29%71431571429,19.20142857,21.07285714,21.964283RR, 22.54428571,22.568571
43,20.60714286};

public double [] No_HVAC_Room_Moisture_Summer =
{83.72904364,88.60007414,90.207659,88.23159821589.1857,83.77163357,80.82223814,79.98962171,835544188.37240957,92.06173
079,94.20207093,95.45421757,95.86372071,95.259028.AD617993,74.80739921,69.79776193,69.2524398278475,71.84138607,72.77
201436,76.35257229,68.12183993};

public double [] No_HVAC_Room_Moisture_Winter =
{4.5112387,4.05889075,3.751055079,3.610698164,284807,3.384127136,3.346013264,3.358163864,3.4@7688.49088175,3.64375725
7,3.845063907,4.050840914,4.236375329,4.422151B08162671,4.7676991,4.856703757,5.061191243,5308835.216733993,5.1945577
64,5.065045857,4.886098693};

[lthe arraylist which holds all the rooms the useuts from the "RoomProperties.csv"; initiallyhiolds nothing; this arraylist
represents the "home" as a whole

static public ArrayList<float[]> ZonesPropertiesrew ArrayList<float[]>(0);
}

/
File: Main_Program.java

Most of this file is automatically generated as @idl interface is being built. What will be shown i
Appendix A is only the code executed when the psesses the button initiating the simulation
IN: User inputs of simulation length in days, seasind whether there is a humidifier
/dehumidifier avaialbale, in additon to the typedfAC being simulated

OUT: The output file continaing all the rooms' enstaneous conditions after the CEMA *
algorithms have run for the stated period

private JButton getSimualtionStart(){
if (SimualtionStart == null) {
SimualtionStart = new JButton();
SimualtionStart.setBounds(new Rectangle(27, 448, 29));
SimualtionStart.setText("Start the Simulation");
SimualtionStart.addActionListener(new java.awer. ActionListener() {
public void actionPerformed(java.awt.event.Anivent €) {
/[The data inputted by the user is validated
for(int i=0; i<=SimulationLengthlnput.getTexiength()-1; i++){
if(!(Character.isDigit(SimulationLengthLabgétText().charAt(i)) ||
(SimulationLengthLabel.getText().charAt(i) != )
ValidOrNot = false;
break;
}
}
/lif the inputted simulation length is not il
if(ValidOrNot == false){
SimulationLengthlnput.setText("");
JOptionPane.showMessageDialog(null, "Onédefibputs is not in the correct
format. Please re-enter inputs");

else{//the input is valid....
TypeOfSeason = (String) SeasonList.getSeiiétete();
TimeOfSimulation =
Double.parseDouble(SimulationLengthinput.getTeX23)60*60;

try {
/l...and thus the building is initiated ghd inputs read and parsed
TheBuilding = new buildingConstruct(TimeOd8ilation,
HumidifierAvailable, TypeOfSeason,VAVSelection.is€eled(),HumidifierSelection.isSelected());
} catch (NumberFormatException el) {
el.printStackTrace();
} catch (Exception el) {
el.printStackTrace();
}

try {
/lthe simulation is run

TheBuilding.InitiateSimulation();
} catch (lllegalAccessException el) {
el.printStackTrace();

/lthe user will see a confirmation of simidatcompletion and will be able to
open the output file directly

OutputFileView.setEnabled(true);

ResultAnnouncement.setVisible(true);
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bl
}

return SimualtionStart;

Home Comfort Control Simulation

tlome Comfort &ystem

HVAC System is VAV?

Season

Humidifier Available?
Simulation Length (days) 1
Start the Simulation | | View Output File

The simulation is complete! Press the right button for results.

Screenshot of simulator's GUI after completionhaf simulation
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The correctness of a simulator and its resulteimdd by the confidence intervabio04d|,

[Wei98]. To explain this concept, the reader can assinaiethere exists a simulator with
multiple sources of randomness. When the simulasoan with the same set of assumptions
and inputs multiple times, the result of the sirmias expected to be different each time, given
the assumption that each simulator run is statibyicndependent of the other. How different the
results are is the central issue in understandiagoncept of the confidence interval. If the
results are close together, then the simulatosrisect and acceptable. If the results are not close
then more care has to be taken in the design cfitelator Wei98]. The definition of close is
expressed as a percentage; for example, within veinge of values of the result do 95% of the
outputs of the runs lie? This range of values @addscribed as being between upper and lower
bounds, and as being governed by the t-distribytBuo06], as seen in the graph below:

-

Figure B.1: The t-distribution

The percentage value expressed above is the wdritiemp of the above normal distribution, and
the rest is where the range of simulator outputesis excluded. The value of t is half the
excluded value. For example, if one were to com$9%&6 of the values of simulator output
results, then the value of t would be 0.5*(1-0.8%).025. The t-distribution is also governed by
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the number of independent runs the simulation goes throasgig the same set of inputs and
assumptions for all of them.

Thus, to get the confidence interval, the mean of altéisults of the simulator must be
computed, based on the normal distribution function, &heis the number of runs of the

simulator using a certain set of assumptions and in@usQ@6g], [Wei9§]:

be.O y—Q{S! 2

The standard deviation is also computed based on the nadistrddution function Guo0g,
[Wei9g]:

}st! Zzo beO !
{J

c /e

Thus, the upper and lower bounds of the confidence interdalfined as the range of values
higher than and lower than the mean where P% ofitindator outputs lie. It is computed as
follows [Guo0€ [Wei9g]:

clelfn Gl

pTO M7eOYe ~OceE|.» be.O k f{_W

The term*,....11, ,  denotes a t-distribution factor based on that the \@fitien the above
) S v

0 !,

graph |§LT and that the confidence interval has N-1 degrees afdreeThis value of this

factor is found in any available t-distribution table.

As can be seen from the above calculations, the ¢coagzand validity of the simulator is more
accurately proven when there are more independent sonulats being executed. In this
simulator, there have been four independent runs, whicimsit@ree degrees of freedom. The
percentage where the simulator run values were requiried within has been ninety-five
percent.
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Preliminary Calculations

Contribution of Ventilation, in cfm
q -SKEeZeeeZiw,__ 4 T fIC@IF S, Y .
sl

Contribution of Infiltration, in cfm

+
1

q Z@ESZesYeo . . % .

(

Sensible Heat Calculations

Solar Gain through Glass, in BTUhr

§
q _TI‘£+f Q¥:§ f JC @gf Q¥--4# e C
£9!

Solar and Transmission Gain — Walls and Roof, in BTU hr

q -™ f JC@ITF garygue T a0y 4 ™_of IC@ T go_gpuin

agl

f-og) .

Y <x refers to the floor area of the conditioned spacay. zeOcMe.cMify refers to the ventilation standard
per person in a residential space, in cgn. refers to the ventilation standard per square foot of tondd
residential space, in cfm.

2 and/¢ refer to the number of outdoor doors that are open.

3/t andd+refer to the number of sunlit windows, refers to the area of each individual sun-lit windman?. 3 U

refers to the peak solar heat gain for this particuladew, in BTU h* ft2. 3 q refers to the storage factor for this
particular scenario, and is unitless.
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Transmission Gain other than (5) , in BTU hr

§

q -"fIC@Ifgwef -g.d € fT . fIC@ITF- g f g 6,
£s!

€8 (f guef JGA © o1
Internal Heat, in BTU ht

q -Ocee ))'Zc."_.%l/z)A 83/4“' (;%£AA.OA_AE>J 6 f #)(
's!

o

Aq Bu. 8 <AL (f9Cf #)%/EE) . E
=" sl
Storage Factor, in BTU Hr
™Y, o f BB, a, f Jf oy € . E
Effect of Outdoor Air, in BTU ht
8 fg«f IGAA o
Effective Room Sensible Heat, in BTUhr
(3)+(4)+(5)+(6)+(7} o
Total Room Sensible Heat, in BTU hr
(9)+(8) o 1

* andl refer to the number of outside walls, refers to the area of each outdoor wall, fn Mg refers to the

equivalent temperature difference between outdoor andrirehvironmentsnot the actual temperature difference.
Its assumptions and equations are foundCiar$5]. U, refers to the thermal transmission coefficient atenial x,

in BTU hr'ft®F*. NOTE: in the winter monthgo becomeg” , the actual temperature difference, defined by
outdoor-indoor temperatures.

® G and g refer to the total number of windows indbeditioned space,xy Is the area of the ceiling or floor of
the conditioned space, inzm‘qq]xﬂoﬂx pr  refers to the thermal conductivity of the ceiling aofi, in BTU hi'ft”
2oF The third term is included if and only(#) > (1)

® P and p refer to the number of people currently in dmeliioned space. App and app refer to the number of
appliances in the conditioned space. “eff’ refers toeffieiency of the appliance, in a decimal format betw@e

and 1. The facto(ij(!.?ois the factor changing the value from BTU'ho kW [Bel083.
By w p< refers to the diversity factor for residential sgace
8 3 5q refers to the bypass factor for residential spaces.

° If the HVAC system is based on CAV, the sum of alles3 sensible heat loads constitutes the EffectivsiBien
Heat Load
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Latent Heat Gain/Loss from Infiltration, in BTU hr

Latent Heat Gain from People, in BTU hr

Effect from Water Vapour Transmission (same equatipiies for Wall, ceiling, and floor; all
elements must be added together) , in BT hr

Effective Room Latent Heat, in BTU hr

Effect of Outside Air, in BTU h!
Total Room Latent Heat, in BTU !r

Dehumidified Air Quantity, in cfm

Apparatus Dewpoint Temperaturgytin °F

Mixed Air Temperature (see Section 3.1.5), in °F

Table C.1: The zone load equations extracted filoarg5]

1% This term is added if and only(@2) > (1)
1 “part of home” refers to the wall, ceiling, or tethoor.



Appendix D: CEMA Simulator Class Diagram

The UML diagram that starts from the next page has betomatically generated by using the
Slime UML feature, built on the Eclipse IDE, and whislinstallable from
http://www.slimeuml.de/. This powerful tool reverse engirseJav code to automatically draw
class diagrams that show the complete contentseaflfisses, the type of these contents
(attributes, public methods, private methods, etc) andetagonship between the classes and
each other. Another important note about the arrows isetie ensuing diagram; one type is
made of straight lines, and the other dotted lines. Ta@hkt lines are ones denote a concept in
OOP called inheritance, meaning that all the parent dagttabutes are cloned to the child
class. In this thesis, all the different types of qudements inherit from the parent class
DynamicEvent.java. The second type of arrows denotdhanobncept in OOP called
implementation, meaning that a generic class (in thgraim, it is SharedConstants.java) is
implemented in different forms for different classath different functionalities. The only thing
in common between these classes is the attributid® afeneric class, as was explained before.
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