ABSTRACT

ANAND, NADISH. A Low Order Thermal Envelope Model for Heat Transfer Characteristics of
Low-rise Residential Building&nder the direction ddr. RichardD Gould).

Models for thermal envelope of buildings for predictieatrol have been createdid studied

for over 30 years now, and their usability in building energy simulatiane grown ever

since. Although building energynsulations are very useful and exadten dealing with all

kinds of luildings, they however can prove to be very tediaugstime consuming for small
residential bildings . Due to this considerationnergy bul k
demand may prove toebtoo expensive. Moreover, the convenience of availability of input
parameters for building energyinailations can also contribute to their tediousness.
Furthemore, for LowRise Residential (LRR) buildings, space heating amadireg which are

highly dependent upon the externakather conitions, are the main source of energy
consumption. These are also knows activemodes of energyansumpion. The passive

modes such as people activity, computer usage, water heating, appliance usage etc. vary from
household to dusehold but are not dependent on weather conditions and hence can be
characterized through sciefitti surveys and estimates as being done by many researchers.
Therefore we can safely say that the variations in total energy consumptaday to day

basis in LRRbuildings can be directly atbuited to the variations in the energynsumption

by the Hating Ventilaton and Air Conditioning (HVAC)ystem. Hencgf we can determine

the thermal baracteristics of all such residential buildings in an area ipoawide us with a

good enough forecast of bulkergy demand for the next day or next week.

With this concepon, we introduce in this researamovel & convenient Low Order Thermal
Enveloe Model for LRRbuildings which can prato be very inexpensive while forecasting

energy @mands foa residential area. We use tluenped capacitece heatrarsfer model to



characterize LRR bildings. The underlyingssumption here is that if theuse is ventilated
properly through the HVAC system the variations in temperature across the space of the House
would be very small and can be neglectedndéethe s@ dependence of the temperature of

the ouse would be on time and therefore can be treated as a single lump in transient Heat
transfer calculations. This assumption yields a thermal envelope model with a single time
constant which is responsible for thenergy loss or gain in the building when the HVAC
system is switched off.

To validate this thermal envelope we utilize exattidation data obtained through exhaustive
EnergyPlus isnulations. We only make use of two input parameters in the validatioegzoc
namely the o6Zone Air Temperatured orArt he t e
Drybul b T ed.exthe teraperatures @ outside diweather dependentBoth these

Inputs can be very ceomniently accessed through the thermostat temperateasurement

and weatherprediction data of temperature for that city acinity ensuring he required
simplicity to this low order model. Our simulations reveal that thmee tconstant remains
consant to a good extent, with the change in parameters l&kerikntation, dtitude etc. for

the same house and hence lays credence to the assumptions made in developing this Low Order
Model. Finally, we introduce steps fpredictive modeling using therte constant which will

help in forecast i lmebavidr nd hehce faking 8 yragiee tovealdls
determining the bulk energy demand for a residentesd.a

The low order model performs very well innker across different orientations of the house

and different climate zones, with a less than 10 % piiedierror. The perforance in mmer

season is not equivalent but the errors are of the order of 10 % but not less than it. Future course

of research based on this data is suggested to get more robust model fits.
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1 INTRODUCTION
Since the beginning of the humaaceespecially from the Paleolithic agman has always
aimed at perfectinghe dndootd environment, i.e. the environment in which he will seek
comfort and shelter. In thearly daysnan tried to carve or find caves for survigéits progeny
and hisweaker onesnd also forshelter from wild animals and weathéd. This was the
beginning of the process of creating a domestic environnmbotisands of years laterday,
man is stil!]l tryi ng t ahispireeritfisenottwithtstore todisl batd o o r s
through advanced technology andtimematics. This research is ke simila lines, where
wetrytomapthelhma n 6 | n theoparposetof afmore sustainable living experiehae.
maintain a comfortableadme st i ¢ 6l ndoor s6 in todaydver wor |l c
increasingenergydemandand hugeCO, emissions,it has become mandatory to map the
demand side of the supply chain ohergy [L12]. To map this energy usage and determine a
demand pattern we need to introdusays to characterize the spaces which are conditioned
using this energy. Once we haveradible and cheap way of doing so we will be able to
ascetain the demand of a particulegion and hence would be able to reduce losses in buying
electricity and transmitting it to homes when there is a prediction of decreasegy @amand
and viceversa. This will contribute tcdhe maintenance of stainable comfortable dmestic
6l ndoordé environments.
We introduce in this research simplistic lut novel way of estimating the building energy
consumption, by lumpedapacitace heat transfer odeling. Although the studyf lumped

capacitance wdels for Model Predictive Contr¢MPC) and energy loadetermination are



not new (see [2], [8], [9], [10], [11]), however in the model presented here we do not resolve
each space into its contributicgmponents.e. walls, doors,asistance, windows, air etc. but

we try to directly formulate a model which will have cumulative effects of all these
contributing factors. Determining theubding themal inertia [6] or rather the characteristic
time constant for LRRuildingswould reveactritical information about the profile of its inside

air temperaturewhich will indirectly trigger the siiching on and off of the HVACystem. In

the next section we will define the scope of this thermal model and the probleme thiah to

solve with the model.

1.1 Problem Definition

This studyaims atdeveloping ad.ow-Order Moded f or a pupdings pvhichecane b
predict the On and Off timings of its HVAC ggm and henceredict the energy usage

rather the variation in.ilThere however is a condition on this model that it must be convenient
enough to function with the most easily available data, i.e. the Outside Air Tempéaiiine

To validate the model however, we need the Inside Air Temper@Aifg as wel, but afer
estimation of the thermaharacteristics i.ethe time onstantand the HVAC characteristic
constants for heating and cooli(gy & L which we introduce in chapter 2Je will no longe

need the IAT valuetopreddit a dayds | nsi de.MareaversSineethp er at ur
fluctuations in HVAC energyansumption are mostly attributed to the changes in weather
conditions rather thamternal activities ourdea of characterizing the thernalvelope based

on weather dataould be good enough in determrmgivariations in total energy consumption.



Low-Rise Residential doldings (LRR) which typically are single family homes due to the
virtue of their small area and less cornpted geometries canlelit an internal €mperature
profile which would be indepelent of spatial variations. This invitasto the conclusion that

if there arend6t any o théaiaternalsenvgonmehtiofq@aticular per t u
LRR building the émperature will only degnd on time, hence thehse will act as a single
lump decaying when there is cetdclimateoutside and heating up when there is a warmer
climate outside. Hencaf the OAT is mapped and we can ascertain if the heat transfer
coefficient from the house to the environment is constant we can use the luappedance
model to get the heatansfer characteristics of theuse. The next chapter goes into the
mathematical deiis of this problem. To explorhe direct dependence ldiVAC performance

on weather conditions we have excluded the activity padterternal lighting, nternal electric
equipment energy consuation etc. from our simulationd his is done using athematical
modeling and EnegyPlusmulations which are exact replications of Iréige residential

buildings[13]. The third chapter goes deeto modeling with EnergyPlus.



2 MATHEMATICAL MODELING OF HEAT TRANSFER
This section deals with the theoretical background of the loerombdel development using
the lumped capacitance regime in transient heat conductiend&/elop here eightfterent
mathematical models whicheessentially the solutions of heartser differential equations
in the lumped apacitance model. We also introduce various model parameters wicya
to our low order modeMWe also discuss functional fits forethnput @rameters wich will
help in deriving the thermal characteristics and predictive model from the conduction heat
transfer guations.
2.1Transient Heat Transfer and Lumped Capacitance Model
Transient heat transfer happens when the heat trdrsfean object becomes time dependent
and the surface temperature distribatis no longer steady. If the gradients ehperature
inside the body is such that they can be neglected, régime is called as the lumped

capacitance wdel [15].

Heat Transfer
Coefficient, h

Surface Area- A
Heat Capacity=m Cp=K
Body Temperature = T(t) Energy Leaving
the Body

Ambient
Temperature, Tamb

‘Wind, Rain, Sun etc.

Figure 1 Lumped Capacitance Model



Figure 1 shows an object with surface area A, heat capaciaand a surface heat transfer
coefficient h. The heat loss from the bodgn be written mathematically as:
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Hence our differentialguation takes the form of:
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Using the above equation we derive thguations for various cases of the low order model.

2.2 Low Order Model

To dharacteize the thermal envelope of theuse we need functionaldifor the IATand the
OAT (ambient temperatuyeThe fdlowing analysis is done:

1. Outside Air Temperature (OAT)

Data it for outdoor dry bulb temperature values converted into absalate &):

Yoon on



The par amet eerestimated fior each témpérat@eeagtemperature rise curve
occutring in the simulation period.

2. Inside Air Temperature (IAT)

Data fit for the IATwith Values Converted to the Absolute Scale (K):
Y ® Q
The parameters O0ab atamberdtletcagtemperatuetiseunvat e d f «
occuring in the simulation period.
Now using the Lumped capacitance model equation and above functional fits, we can write the

equation for winteras:

Q"™ e L
— 0 o} o}
(0Xe) d "
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Solving the above differential equation for T(t) we get:
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Similarly this model can be modified for when the HVAC is adding heat. We introduce a factor

Z with the unit (K/s) which is essentially the increment in the slope ofirtkigle Air



Temperature once the HVAC begexdding leat. We dd this factor directly to our differential
equation and obtain the following expression:

0"V
Qo

® 0 Yo non
Integrating we get the following expression for the Ing\iteTemperature:
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The above guation will be used to dermine Z from simulation data for both Insiéddér

Temperature and tHeutside Air Temperature

Similarly we can solve for the lumpedgacitance model for the case aframer as:

0"
Q0

0 “YO non
This will Yield the sameaesult as that in the case oifwer:

bn noo p
0

YO Q 0

To account for the cooling perfaance of the HVAC we introdu@efactor L which like Z has
the units of (K/s) and is essentiathye decrease in slope of the Inside Air Temperature when

the cooling operation by HVAC is on. The lumpegbacitance model can be modified as:

2 0 Yo N O T 0
D non

Which yields, the following expression for the Insiie Temperature:

on on .
Yob‘—noQ o)



The above guation wil be used to determine L from simulation data for both Ingide
Temperatire and the OutselAir Temperature.

These processes can be explained schematically as:

Zone air temperature

Mathematical
model for M

Energy Plus

. . M Value
Simulations

Non-
linear fit

Outdoor DBT

Figure 2 Process flow for dotaining the Time Constant M from simulation data

_ Zone air Temperature
Energy Plus

Simulations

Mathematic
Outdoar Dry Bulb al Model for

L or Z Values

Temperature HVAC
Analysis

Mathematical
fit

Non-
linear fit

Figure 3 Process flow for obtaining the Z or L valuedrom simulation data and M



2.3 Predictive Modelderivation from Low Order Model

After obtainingthe M and L/Z value for the house from simulations we can introduce a new
predictive model, for which we no longer need to haverbkile Air Temperature fronthe
simulation, but we predict it solely from the Outside Air Terapgre data fit. Wentroduce a
first order Fourier fit for the Outside Alremperature:

Y O O#110 o w3/GT o
Using ths functional fit for winter, m the lumped capacitanceodel we get:

0"
Qo

0 Yo & #0110 o ®3BI o
Solving, we ®tain the relation for Inside Air Temperaturer fihe times when we have

temperature ecay:

wo 0 0 00 @0 #7110 6 0 wd ®O 3BT o
o 0

Yo Q 0

Similarly we can modify the lumpedapacitance model for determination afside Air

Temperature when the HVAC system is heating the space

0"
Qo

O 0 YO & #7110 o @3B o
Solving, we get the following relation fordide Air Temperature, when thedter is On:

wd w0 v 0 ®0 @0 #7110 6 0 ®O &0 3BT o

Yo Q 0 — ;
b0 o©

Similarly, we can develop expressions fotaining L as well:

0"y

: 0 Yo & o#i10 o0 o3B! o 0
90 1 E
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This yields, the expression for Insid& Temperature when Cooling & as:

0 ®wd O v 0 G0 @0 #7110 6 0 @b v 3BT o
bbb o

YO Q 0

Now, for the pediction model, since &vare marching our solution imte, the time at which
C is deermined for a cange in curve type (i.e. temperature decay to forced heating or
temperature rise to forcedaling) will notbe t = 0, but needs to be determined d@ank when
we switch from one awe to another. Thisas been taken care of in thegidive model code

in Appendix E. This ppcess can be explainechematically as:

(LorZ) & m Mathematical
from prediction model
Mathematical for Zone Air
Model Temperature

Time HVAC
ON/OFF

Comparison and

Er.ﬁergy I?Ius Dry Bulb Validation
Simulation

Fourier fit for

Temperature

Figure 4 Schematic representation of pedictive modeling process
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3 MODELING RESIDENTIAL BUILDINGS in  EnergyPlusand OpenStudio
This chapter desdyes comprehensively the process of simulation of-Eige Residential
(LRR) buildings to gather data which exactly simulates the load profiles of these houses. For
this purpose we use HrgyPlaspsaftwaranvehitht is solduildiign e r g y
energysimulation egineand a Graphical User Interfa@@Ul) developed over this simulation
engine known a®penStudio which has many but not all tequired features of EnergyPlus.
EnergyPlus does not come with a GUI itself, however there are many prograifablavof
which OpenStudio is found to be the most suitable for this resdamehgyPlus provides some
very distinct advantages over other similar commerciallyl@ve or open source software

[7]. The working of EnergyPlus can be explaineematicaly as:

EnergyPlus
Simulation Manager

Sky Model
Module

Air Loop
Module

Shading 4 Zone Equip
Module Integrated Solution Manager L7 Module

Surface Heat Air Heat Building
Daylighting ! Balance E;rlane:e Systems Plant Loop

Meodule Manager Manager SII\"I";':?;;" Meodule

Window Glass Condenser

Module - t ‘ : Loop Module

CTF - AirFlow Network
i PY Modul
Calculatien Module cdule

Module

Figure 5 EnergyPlus program shematic (Courtesy [17])

Basically EnergyPlus is an Object OrienBxdgramming (OOP) code, with different modules,

containing different classes and eatdss contains its own objedtk7] [18]. These Objects
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(their poperties) can be modified by the users on a simulation to simulation basis. Figure 5
shows all the modules present in EnergyPlus, but for our simulation we will not need all of
them. The ntegratedsolution manager in EnergyPlusihges for all the variables in the
simulation taking different inputs from different modules as showovab Another specialty

of the integrated solution mager or rather EnergyPlus is that all the three basigooents

of the simulation i.e. buildinganes (ie. the thermal envelope), air handling systems (i.e. the
air conditioning) and the central plant equipment (the HVAC system) are aolul
simultaneously. First the zone loads aaéculated at all timgteps, this information is then
passed on tohe system witHeedback to the zone and then the information from system
simulation is passed on to the plavith feedback to the system. Hence there is continuous
updation of simulation parameters in EnergyPlus, this is not hovieeerfor other similar
software. By virtue of this programming @muct EnergyPlus can effectively simulate rapidly
changingtemperature profilegfor example due to weatheand temperaturedistributions
inside or outside a zone or its surfaces. This makes EnergyPlus dgsetiable for detailed
analysisHence for our application EnergyPlus works the BbEsé schematics of this scheme

is mentioned below:
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LN N

Zone System Plant

N N '

Alr Loop VWater Loop

Figure 6 Schematics of sequentialdution scheme(Courtesy [17])

3.1 Modules in EnergyPls relevant to our Simulation

This section provides a brief overview of modules and classes that are important to our
simulation. The follaving are the essential modulda&ses:

1. Simulation Parameters The very first heading in the EnergyPlus IDF editors th
essentially deals with the base setup of the simulation. It defines what buildivenive
to simulate, what kind of heatansfer algorithms we want to use for conduction and
convection, what kind of shadow calculatidoes the simulation has to do, éstep,
convergence of solution, etc.

2. Location and Climate: This is again avery important class, which deals with the
climatic conditionspicked from weather data, and desigmy dnformation for the
HVAC sizing calculations. For awsimulatiors we have itspread across three climate
zones:

a. Austin, Texas in Climate Zone 2
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b. Raleigh, North Carolina in Climate Zone 4

c. Detroit, Michigan in Climate Zone 5.

Figure 7 sows various different climate zones across ttheted States. Simulating the

residential buildingn various climate anes and then using this datavidate the model

provides an essential robustness to the low oraetein

3.

Marine (C) Moist (A)

Portland

Schedules The schedules are objects used for giving appropwnat@atiors in the
behavior of various entities likBetpointTemperaturg Ventilation, People Activity,
Lights etc.with respect to date and timig, the simulation. We can add schedules

according to our needs and niydhem (as done in thease of EMS Code

Brattleboro
Cincinnatti

- Philadelphia
Wilmington
~Washington, D.C.
Durham
Raleigh
" Warm-Humid Below
Red Line

Wilmington

o,
Charleston

Py Jacksonville

o
8] Miami 1

All of Alaska in Zone 7 except for the following Boroughs in Zone 8: Bethel, Dellingham, Fairbanks, N. Star, Nome North Slope, Northwest Arctic, Southeast Fairbanks, Wade

Hampton, and Yukon-Koyukuk

Zone 1 includes: Hawaii, Guam, Puerto Rico, and the Virgin Islands

Figure 7 ASHRAE climate zones (Courtesy [20])
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. Surface Construction Elements The materials and construction class of EnergyPlus
givesuser an opportunity to definemstruction of individual walls, ceilings, floors, air
gaps, windows, doors etc. This defines the thermal envelope btilding.

. Thermal Zones and SurfacesThis class represents the construction and boundary
condition details of spaces represegtirhermal Zones and individualréaces of the
house.

Internal Gains: This class deals with internal activity of the house,example the
people eergy consumption or emissiomtérnal electric equipment etc. For our
simulation we have made internal gains for all our thermal zones to be zero.

. Zone Airflow: This object deal with the internal airflow in zones ocrass the a@nes.

We have created a nominal value airflow across 4 zones in pairs jostvio neutralize

any spatiatemperature gradients.

. HVAC Zone Objects. Most of these objects are pre populated when we import the
IDF from OpenStuib to EnergyPlus. The stepsamulation in Appendix A will lead

to this.

. Energy Management System (EMS)The Energy Manageme®ystem kass deals
with simulating comfex behaviors exhibited by thetseand the control system of its
HVAC. The EMS systemds various objects in ordep tense a particar control
variable (Sensors), modify the system response sétesing the variable (Actuators),

Program Calling Managers ( to call a particular Code or program at some specified
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event), Program (to simulatetypical behavior through &ators) etc. The code used

for our simulation is presented in Appendix B.
3.2 Simulation Process for this Research
Most of theclassesand objects mentioned in the section abave initialized using the
OpenStudio GUI and inbuilt templatekhis will save a lot of critical time in populating the
field of the EnergyPludldF and is extremely convenient Vis &Villing up an IDF file directly
in the EnergyPlus IB editor. Moreover, OpenStudi@mes with a variety faemplates for
various ASHRAE building mdels across different ASHRAE spications for various types
of buildings. We are using a MidRiseApartment template from OpenStudio based on ASHRAE
standard of 90.1.2009. This template comes with default construction and scheduoletkets f
simulationand haghree different spacdsorridor, apartment, office)The details of theteps
to be taken for the corresimulation proess is nentioned in Appendix A. In addition to the
IDF file generationwe also need weather data file for a realistic sinauriaif our house. There
are two kinds of weather data available AMY i.e. Actual Meteorological Year and TMY i.e.
Typical Meteorological Year. The AMY file contains the data recorded in a particular year
while TMY file gives data for a particular year basadweather data models derived from
over 1530 years of data. Since we are validating a model TMY file is much more suitable for
our simulation purpose since it has an averaging of observed weatharspatter 20 years.
This in turn also will help in dermining the robustness of our model fit to the realistic
simulation data which comes from simulating average weathernsatterover 20 yeard he

following figure shows a schematic of simulation process
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Figure 8 Schematics & simulation in OpenStudio and EnergyPlus
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4 WINTER MODEL
In this chapter we discuss the various tases for validation of the low order modsetdssed
in the Chapter 2 for both thermal envelope characteristics modeling and the H¥®avior
prediction nodelingin winter season i.e. the month of Janudliye discuss variousases foa
house ofarea1000 sg. ft. based onts Latitude, gientation etc. The houseill have sme
construction sets and same heating and cooling set poidtsaene offset temperatures for
HVAC control. The HVAC &ing for thehousehowevemmay changeacross different latitudes
since it is calculated @&mmatically through EnergyPluystem sizing modelsAlthough, the
design @y data required for calculatinge HVAC sizing is kept the same for all the cases,
which has allowed for sanamost the samdVAC sizing across the zoneéBhe next sections
show the data and results obtained after the above mentioned house is simulated in EnergyPlus
and the simulation ata then utilized to derivihe Characteristid@ime Constant (M), Heat
Addition Constant (Z) and the Predictive Model from these two.
4.1 House Design and HVAC Parameters
The House Model used forimter model is a 1000 sq. ft. House with five thermal adne.
five spaces)which representwo bedrooms, a living room, a kitchen andahboom.The
thermastat setpoint is 22 °C and the offsatnperature Toffset is 1.6 °C. The sizing determined
by EnergyPlus for théeater is 23317.43 Watts and ttan is sized to be 244.61 Watts and
max arflow rate is 0.42 ri¥s. The run period is of a single day, i.e. January th2(®.4. The
house is placed in four differentientations measured from the Norttisaand also keph

three climate anes, i.e. in RaleighAustin and Detroit, to observe the values of M and Z, and
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their variations. Finally the M Z data is used to obtain the predictive model ancediption
is made for the same day as the simulation day to validatmodel. ijure 9 below shows

the modeof the house in SketchUp used for our simulation.

W Hel i - Saetchln Make | -
e (de View Commmn Doaw Tooh Wadow Ldewmcre Mep
NG /Ol B SL R OB G 2L, ISR . BBEARNS O €8¢

"R MIART YA E VTR LNYPAOY @RBLUE T (o=
1 2 L__se

Bedroom and
Bathroom

Figure 9 House nodel for winter simulation

4.2 Estimation of Time Constant

Results of curves obtained when trales for determining/l for various cases are shown
below. For tle simulaion we have kept the house in fouremtations at Detroiand observe
the change in the meanvaloEM o bt ai ned imulaton. The clthaggsdrsmean
values of M are also estimated for across the climatesz Figures 203 show the vaation

in M for the same city and different orientaticarsd for different cities We can clearly see
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that the M values change very little with the change in orientation. This is alsbindtable

1 which has all the mean value statistics for variesisdases.
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Figure 10 Austin M (minY) value profiles for 0 and 270 deg. dentations

In figure 10 we can see th#he M value distribution andrgfile for Austin Changes
significantlywith thechange in Orientation of the Houdéis effect might be attributed to the

lower Latitude of Astin, which makes solar loadysificant.
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Figure 11 Detroit M (min ') value profiles for 0 and 90 deg. Gentations

Figure 11 and 12 shows that in winter for the hong$2etroit there is almost negligible change
in M values and the distribution of M values. We see nearly iderig@vior in M value
patterns with a slighcharge in distribution for the 90°r@ntation. The changes however are
very minute and can be sem the mean dta in Table 1. Figures 14 & Bhowsthe standard
deviation in the meanalue for a particularun, and for Detroit all the four orientations have

almost identical peentage of standard deviation as a percentage of Mean.
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Figure 13 shows two different orientations of the house in Raleigh which lies in the ASHRAE
climate Zone 4A. Here we can identify some distinct variations in M valuksliatribution

with the change in orientation, quite similar to that of Austin. But the variation in M value
mean is less pronounced as compared to Austin. This indicates a strong possibility of influence

by solar load since Raleigh is situated ag#itude higher than Austin bubwer than Detroit.
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Figure 13 Raleigh M (min?) value profiles for 0 and 90 degorientations

The above plots are between the M values obtained for every interval in which the temperature

of the house ecays due to the ambient temperature and the H8&€@&m is turned off vs the

index of the particular temperature decay curve. Hence this index is loosely related to the

progression of the time of the day, since we have started our simuiatiBnergyPls from

midnight.



Table 1 Table for M (min) statistics for winter simulations
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Standard
Simulation Mstats.mean Mstats.std Deviation of M as
a % of Mean
Detroit_Winter_Housel 0Deg 0.01889 0.00133 7.02
Detroit_ Winter_Housel 90Deg 0.01911 0.00120 6.27
Detroit_Winter_Housel 180Deg 0.01914 0.00111 5.80
Detroit_Winte r_Housel_270Deg 0.01902 0.00118 6.23
Raleigh_Winter_Housel 0Deg 0.01782 0.00131 7.33
Raleigh_Winter_Housel 90Deg 0.0186 0.00178 9.59
Austin_Winter_Housel 0Deg 0.01903 0.00312 16.42
Austin_Winter_Housel 270Deg 0.02065 0.00562 2723

Austin_Winter_Housel_270Deg

Austin_Winter_Housel 0ODeg

Raleigh_Winter_Housel 90Deg

Raleigh_Winter_Housel_0Deg

Detroit_Winter_Housel_270Deg

Detroit_Winter_Housel_180Deg

Detroit_Winter_Housel_90Deg

Detroit_Winter_Housel_0Deg

Mstats.mean

0.016

0.017

0.018

0.019

0.02 0.021

Figure 14 Comparison of Mean \alues of M (min-*) for winter simulation cases
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Mstats.standard deviation

Austin_Winter_Housel_ 270Deg

Austin_Winter_Housel_0Deg

Raleigh_Winter_Housel_90Deg

Raleigh_Winter_Housel_ ODeg

Detroit_Winter_Housel_270Deg

Detroit_Winter_Housel_180Deg

Detroit_Winter_Housel_90Deg

Detroit_Winter_Housel_0Deg

o

0.001 0.002 0.003 0.004 0.005 0.006

Figure 15 Comparison of Standard Deviations in M(min-1) values for winter simulation Cases

Table 1 summarizes thegults of M values for all the orientations and as we can seeisheer
great agreement in meaalues thus determined, except for in the case ofidughere the
standard deviation in Malues is more than 10 % of thesam. It would be very interesting t

observe the performance of predictive model in Austin.
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4.3 Estimation of HVAC Behavior
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Figure 16 Austin Z (K/min) value profiles for 0 and 270 deg. entations

Similar to the M walue figures we can see from Figure 16 thatetli®no significant variation
between the profikof Z valuesvhen we change the orientation of the house, hence vatidati
indirectly that Z is independent of orientation. Although we see an increase in the mean Z value
for Detroit, which is due to thiact that our heater is oversized for a 1000 sq. ft. house and in

Detroit the load in winter is too high, which results in higher part load ratio and working time.
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Figure 17 Detroit Z (K/min) value profiles for 0 and 90 deg. wentations

In Figures 17 & 18 we can see no notable change in the value estimation of Z and the profile

of values with the index of heating curv@$e can see from Table 2 as well there is very little

fluctuation in the mean value of Z determined for all fimer orientationsFigure 20 & 21

shows a comparative analysis of all the Z valuesteid standard deviations. Thanations

increase as the Latitude decreases.
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Figure 19 shows slight variations in the calculated Z values across different heating curves.
This may be attributed to high standard deviation of M values calculated. The effect of these

deviations however would be more evident once wéeeeerroneous the predictions are.
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Figure 19 Raleigh Z (K/min) value profiles for 0 and 90 deg. dentations

Table 2 Z (K/min) statistics for winter smulations

Standard
Simulation Zstats.mean Zstats.std Deviation of Z as a

% of Mean
Detroit_Winter_Housel_0Deg 1.396 0.07661 5.49
Detroit_Winter_Housel_90Deg 1.41 0.07556 5.36
Detroit_Winter_Hou sel_180Deg 1.413 0.07694 5.45
Detroit_ Winter_Housel 270Deg 1.405 0.07757 5.52
Raleigh_Winter_Housel_0Deg 1.188 0.11760 9.90
Raleigh_Winter_Housel 90Deg 1.22 0.09235 7.57
Austin_Winter_Housel 0Deg 1.14 0.13010 11.41
Austin_Winte r_Housel 270Deg 1.17 0.12330 10.54
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Figure 20 Comparison of Mean Values of Z (K/min)for winter simulation cases
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Figure 21 Comparison of Standard Deviation in Z (K/min) values for winter simulation cases
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4.4 Prediction Model

Using the meanalues ofM and Z obtained from the above simulations, we try to ptedée
temperature inside the house, using a firdeo Fourier fit as mentioned in chap® for the
Outside Air Temperatur@OAT), and taking the initial value of IAT i.e. at time t = Dhe
Matlab code used for this purpose is given in Appendix E, where thedgedlfe. the number

of Minutes the HVAC System adds heat to Heuse) is detrmined from the heatingath
obtainedin EnergyPlus simulation; whereas Heaterflags is the time for which we have
predcted that the heater will be Okbm our prediction model. Theioves inthis section show

the Fourierit of the Qutside Air Temperat@rand the prediction error, along withargparison

of the HVAC on/of for the first 120 minutes ofperation, for all the case$he prediction
error is determined from the percentage difference between Realflags and Heaterflags.

Austin @ 0 deg. Orientatn:

Comaprison of Dy Bulb Temperature and its Fourier Fit with RZ = 0.936882,
FPrediction Error for the Days HVAC use = 0.699301
292 T T

290 - - N |
288 7 3 4
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280 | / % o
.'.
o278 | Iy _

276 | ., ~ =

OBT from Fourier series and Original Data

274 e -

272 L L
0 500 1000 1500

Time in minutes

Figure 22 Austin 0 deg. Fouier fit and prediction error
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RealFlags and HeaterFlags Overlap for First 120

minutes
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Figure 23 Austin 0 deg. HVAC operation prediction and real awerlap

Comaprison of Dry Bulb Temperature and its Fourier Fit with R? = 0525234,

Prediction Error for the Days HWAC use = 4. 514815
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Figure 24 Detroit O deg Fourier fit and prediction error
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RealFlags and HeaterFlags Overlap for First 120
minutes
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Figure 25 Detroit 0 degHVAC operation prediction and real overlap

Comaprison of Dry Bulb Temperature and its Fourier Fit with RZ = 0.897481,
Prediction Error for the Days HWVAC use = 9. 276015
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Figure 26 Raleigh 0 deg Fourier fit and prediction eror
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RealFlags and HeaterFlags Overlap for First 120
minutes
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Figure 27 Raleigh 0 degHVAC operation prediction and real overlap

From Figure 227 we can se¢he prediction made by the low order model imter for a
particular house kept i different climate zones. Thesuls obtainedarevery positive as the
prediction error in all the cases is bel 10 %. Even in the case of Detroit with the lowest
regression coefficient for the Outside Air Temperatwarierfit, the prediction error isrery

low. This can be attributed to strong estimates of M and Z values for Detroit. Moreover, we
can see a vg good overlap profile for the first 120 minutes with almost negligible variation,
however there seems to be a lag between the switching on and off time of HVYAC which is very
logical understandably because of the variation in the Outside Air Temperatdite. FFor

Detroit we obtained similar Errors for tlther three orientations. Thisads us to conclude
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that the prediction model is orientationnagtic as well as climate zongnastic as far as

Winter season predictions are concerned.
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5 SUMMER MODEL
In this chapter we discuss the varioust tases for validation of the low order modstdssed
in the Chapter 2 for both thermal envelope characteristics modeling and the H¥AGdp
prediction nodeling in summer season i.e. thentioof July We discuss various cases for a
house of eea 1000 g. ft., based on its Latituderientation etc. The house will havamse
construction sets and same heating and cooling set points and same offset temperatures for
HVAC control. The HVACsizing for the house however may change across different latitudes
since it is calculated @émmatically through EnergyPluystem sizing models. Although, the
design @y data required for calculating the HVAC sizing is kept the same for all the cases,
which hasallowed foralmost thesame HVAC sizing across the zones. The next sections show
the data and results obtained after the above mentioned house is simulated in EnergyPlus and
the simulation data then utilized to derive Time Constant (M), Heat Removab@b(istand
the Predictive Model from these two.
5.1 House Design and HVAC Parameters
The house mdel used fowinter model is a 1000 sq. ftohse with five thermal zones (i.e.
five spaces), which represent two bedrooms, a living room, a Kitchen antthrad@a The
thermastat setpoint is 19 °C and the offsmtniperature Toffset is 0.6 °C. The sizingeamined
by EnergyPlus for the coolingt is 10323.98 Watts and the Fansized to be 244.61 Watts
and max aflow rate is 0.42 ¥s. The run period isf two days, i.e. July the ¥2014for
Austin and July 18 2014 for Detroit, for comarative analysisThe house is placed in four

different orientations measured from the North Axis and also kdptarClimateZones, i.e.
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Austin and Detroitto obsere the values of M and, land the& variations. Finally the M & L
data is used to obtain the predictive model andedigtion is made for the same day as the

simulation day to validate the model. The figure below shows the model of the house.

W Housel sk « Suetehip Maske o) e

foe fde View Comums Ooow Tooh Window Ldemsore Melp
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T*'* - — - ——— - ——e——— — ~ - - < < a

»
detar = e maded

Bedroom and
Bathroom

' @ 3 @  Otew section et 10 epor e detadt = 1he moded Modcur sraents

Figure 28 House Model for winter simulation
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5.2 Estimation of Time Constant
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Figure 29M (min-t) value profile for Detroit at 0 deg orientation
From Figure 29 We can see that the M Values in Summer are no ldogteiafing in an
interval but there is a clear increase in the M Value as the day progresses. This is not a good
fit for a time constant that is assumed to be a constant. Clearly there is some unaccounted facto
that has interfered ith the heat transfetharacteistics of the louse. Similarly from Figure 30
and 31 we can see that for Austimwell there is a very large difference in Blues and lamg
fluctuations from the middleof the day (roughly). Moreover, there are certdistinct
differences in ta M value profiles for diffeent orientations, although the meaalues are
found to have similar order of standard deviations. Hence it is safe to conclude that solar load
and orientation does contribute to the variation in M, although the orientatemtsedire very
mild. Moreover, there might be an influence of wind speed as well, which needs to be checked
in detalil.

More would be revealed with prediction curves.
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Figure 31 M (min-t) value profiles for Austin 180 & 270 deg dentations



Table 3 M (min) value statistics for different simmer simulation cases

41

; . Standard Deviation
Simulation Mstats.mean Mstats.std of M as a % of Mean
Austin_Summer_Housel 0Deg 0.01480 0.002825 19.09
Austin_Summer_Housel_90Deg 0.01578 0.003307 20.96
Austin_Summer_Housel 180Deg 0.01504 0.002807 18.66
Austin_Summer_Housel 270Deg 0.01551 0.002563 16.52
Detroit_Summer_Housel 0Deg 0.01997 0.004860 24.34

Mstats.mean

Detroit_Summer_Housel_ODe_
Austin_Summer_Housel_Z?ODe_
Austin_Summer_Housel_lSODe_

Austin_Summer_Housel_QODe_

Austin_Summer_Housel_ODe_

0 0.005 0.01 0.015 0.02 0.025

Figure 32 Comparison of Mean Value of M (min-t) for each summer simulation case
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Mstats.std

Detroit_Summer_Housel_ODe

Austin_Summer_Housel 270De

Austin_Summer_Housel_180De

Austin_Summer_Housel 90De

Austin_Summer_Housel_0ODe

o

0.001 0.002 0.003 0.004 0.005 0.006

Figure 33 Comparison of Standard Deviations in M (min) values foreach simmer simulation case

5.3 Estimation of HVAC Behavior

Instead of plotting the Lalue profiles wedirectly analyze the data froall the simulation

runs. The Lvalue statistics for differdrsimulation runs foremmer shown in Table 4 points

to the conclugsinthattheC ool i ng Coi | 6 s egulpyfocall theyocadtionsvatls t i1 ma't
very minor variations irthe mean alues of L. Hence L value is not going to be of much
consequence as far as analysis of summer predictiancemed. The onus now lies on the

predction of Qutside Air Temperature and the Male means for the respective simulations.
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Table 4 L (K/min) value statistics for different summer simulation cases

Simulation Lstats.mean Lstats.std Z} ?_n:sar; 02 eo\;ﬁ'::n
Austin_Summer_Housel_0Deg 0.3554 0.05458 15.36
Austin_Summer_Housel 90Deg 0.3596 0.05812 16.16
Austin_Summer_Housel 180Deg 0.3571 0.05496 15.39
Austin_Summer_Housel 270Deg 0.3606 0.05641 15.64
Detroit_ Summer_Housel ODeg 0.3744 0.05750 15.36

Lstats.mean

Detroit_Summer_Housel ODedi s
Austin_summer_Housel_270D< S NNEGG
Austin_summer_Housel_180De S INEGE

Austin_Summer_Housel_90De NG

Austin_Summer_Housel_oDe§iINEGEGEGEGE

0.345 0.35 0.355 0.36 0.365 0.37 0.375 0.38

Figure 34 Comparison of Mean of L (K/min) values for different summer simulation cases
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Lstats.std

Detroit_Summer_Housel_oDedi
Austin_Summer_Housel_270D< GGG
Austin_Summer_Housel_180D<NNENEGNGG—NEGG

Austin_summer_Housel_ooDe{i NG

Austin_Summer_Housel_oDe i NNEEGEGEGEG

0.052 0.053 0.054 0.055 0.056 0.057 0.058 0.059

Figure 35 Comparison of Standard Deviations inL (K/min) values fordifferent summer simulation cases

5.4 PredictionModel

Using the meanalues of M and L obtained from the above simulatiarestry to predict the
temperature inside the house, using a first order Fourier fit as mentioned in chapter 2 for the
Outside Air Temperature (OAT), and taking the initial valGidAd i.e. at time t = 0. The
Matlab code used for this purpose is given in Appendix E, where thedgsdife. the number

of Minutes the HVAC System removes heat from the House) is determined from the cooling
data obtained in EnergyPlus simulation; vdeer Coolerflags is the time for which we have
predictedhat the cooling coil will be Orom our prediction model. The curves in this section
show the Fourier fit of the Outside Air Temperature and the prediction error, along with a
comparison of the HVA®@n/off for the first 120 minutes of operation, for all the cases. The
prediction error is determined from the percentage difference between Realflags and

Heaterflags.



Prediction Curves for Detroit:
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Figure 37 Detroit 0 deg summeHVAC operation prediction and real overlap
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Prediction Curves for Austin:

Comaprison of Dry Bulb Temperature and its Fourier Fit with R? = 0.986287.
Prediction Error for the Days HVAC use = 11.755233
308 T T

306 | e = -

T
=
|

304 ;
302 | .\ i
300 K / hY :

2981 N y |

DBT from Fourier series and Qriginal Data

296 L L
0 500 1000 1500

Time in minutes

Figure 38 Austin 0 deg summer Fourier fit and prediction er or

From Figure 36 to 39 & can observe the variation dfet outside air temperature and the
regression it shows with otirst order urier fit. We can see that despite severe deviations

in the Mean Value of M we get a very low Prediction error in bbéhdases. This can be
attributed to the fact that the regression coefficienery high for the first order durier fit.
Moreover we get a less than 10 % error in the case of Detroit which is incredible considering
the deviations which the Time Constavent along. Although the fits are not as good as that

of Winter but the data does show that the Maslejuite useful in its present nasceminh for

both Summer and Winter predictions.
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Figure 39 Austin 0 degsummer HVAC operation prediction and real overlap
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6 CONCLUSION Sand RECOMMENDATIONS
This research shows that there is moréhe simplistic formulation of lumpedapacitance
model with respect to building energynsilations, than thoudlby most researchers. WWave
conducted extermge experiments on a particular house varying its orientation and climate
zones for the purpos# testing a simplistic low ordeuinped capacitance oael. We decided
thatthe scope of the problem is limited t@w Rise Residential (LR) buildings which are
essentially single flooreslolo touses, occupied generally single families. Theéesting was
doneby referencing EnergyPlus simulation datnd we havegot a very robust agreement
between the prediction data and theal time HVAC operdion in the Winter season. The
prediction model however is not able to iepte similar success with theramer simulation
data, which can be attributed to many factors. The presedtl has the convective heat
transfer coefficient h embedded inwhich is considered to be a constant for the purpose of
the analysis, which however is influenced by a number of facipr3 hese can be External
surface fnishes [5], solar load, wind, moisture content in external and internadg@ctrons
from hou®s in the vicinity, presence of vegetation, presarfaifferent houses douildings
in the vicinity, type of énestratiorused in the house, reflective properties xteeal walls
and roof etc.[3]. This needs further comprehensive studies and expsrimenerg{lus with
different houses and employingpre variablesSince we have received maximum variation in
M values in the case of Austin, we have plotted the M values and the incident solar radiation
againsthe index of the temperature rise cunAdso similar plots are generated for wind speed

as well to further the analysis of coupling of solar load, wind speed and the heat transfer
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coefficient h. Figures 4@2 show the variation, for Austin in summer for the day of Jufy 10

2014.

M-Values for AustinSummerQdeg

0.021
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M alue

0.015
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0.012

0041 1 1 1 1 1 1 |
0 20 40 60 a0 100 120 140

Index of the Temperature Rise Curve

Figure 40M (min-Y) values for Austinin summer and 0 deg oientation

From figures 4042 we can clearly see that the variations in M valueohserved the most

when we havéigh wind speeds and solar radiation for that partidelaperatureise curve.

Moreover, the effect of solar radiation is long seen eveenwe don o6t have any
because, there is a time laghe transmission of the incident solar load on the external surfaces

to the internal aiof the houseThis again incidetally is related to the characteristic time

constant of the house and hence we need to decouple the effects of solar radiation and wind
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speed on the heat transfer coefficient h which will then give us the correct estimation of time

constant.

Variation of Average Incident Solar Radiation with the Index of the temperature Decay Curve
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Figure 41 Average Solar Irradiation for every Temperature rise arve in Austin on July 10th 2014
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Wariation of Average Wind Speed with the Index of the temperature Decay Curve

25

Average wind Speed m/s

15

| | | .
0 20 40 60 a0 100 120 140

Index of the Temperature Rise Curve
Figure 42 Average Wind Speed for gery Temperature rise curve in Austin on July 10th 2014

Now, | et 0 s elege dolds fbor Wintereseasoa im Austin. Figures4®3show the M
values and the solar and wind loads on site in Adstirll the temperature decay curves in

Austin on January'52014.
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M-Values for AustinWinter0deg
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Figure 43M (min-t) values for Austinin winter and 0 deg cientation

From figures 4315 we can clearly see that the variations in M valueohserved the most

when we haveery high wind speeds and solar radiation for that particular Temperature decay
curve. Moreover, similar to the summeason the effect of solar radiation is long seen even
when we dondt have any r aspiolarigedasincasé dfsusmee f f e c
because the Irradiation from theus is notfor as longandis not as direct as it was in the

Summer seasonAlthough we see peaks of similar magnitude in the solar irradiation.

Furthermore, the effects of the Solar and Wind loads on the house cannot be separately seen at



53

this moment since both are acting at the same time. Hereaeeed to decouple the effeofs
solar radiation and wind speed on the heat transfer coefficient h which will then give us the

correct estimation of time constant.

Variation of Average Incident Solar Radiation with the Index of the temperature Decay Curve
1000
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Index of the Temperature decay Curve

Figure 44 Average Solar Irradiation for every Temperature decaycurve in Austin on Jan 5th 2014
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Variation of Average Wind Speed with the Index of the temperature Decay Curve

35
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Figure 45 Average Wind Speed for every Temperature decay curve iAustin on Jan 5h 2014

6.1 Ways to mprove present Model

The presenimodel needs to expand into the higher square footagefiaes 2000 and 3000

sq. ft. area houses. To assess the effects of Humidity on the present model Coastal region
simulations can be initiated. Furthermote, assess the effects of HVAGziag on the
estimation of time constant we can appropriasite the heater or cooling caeihcethe data

in this research is taken from an overly sized heater and coolingncaddition to the different

sizing of the HVAC we can use different types of HVAC systems and components to study if
the model Maps them all correctly. To test the deperedendOutdoor Drybulb Temperatube

profile we can create predicé models using a second ordeyuker fit. Moreover, after
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obseving the variation in the values of the time constant with the Incident solar radiation and
the average wind speed we needitoulate for cases where both are not present and then can
derive the time constant. This can be done through the Energy Management System (EMS) in
EnergyPlus or by directly modifying the weather data file. The EMS code will however give
more control ovethe variables which we need to change. Hence this can help in determining
models for heat transfer coefficient h which can then be reduced to correction factors for time
constant in order to keep a simple approach for the prediction model. Furthermoaésoone
need to consider the ground heat trangfem the house since we awesing heat from the

whole carpet area of the house to the surface of the site, and this happens through conduction
and not convection. This again is a contributory factor in #r&trons observed in M values

since all the heat that is lost or gained through the envelope is not through convection.

To maintain the coveted convenience in the Low order model we need to establish a simplistic

time constant which will map the effectsall the parameterasdiscussedn this work



56

REFERENCES

. http://www.historiasiglo20.org/prehistorfdccessed on 10/31/2015)

. G. Hudson, C. UnderwoodA simple building nodeling procedure for

MAT LAB/SIMULINK , Proceedings of the Conference of the International Building
Performance Simulation Associati¢t999), pp 17.

Korolija 1, MarjanovicHalburd L, Zhang Y, Hanby VI. Influence of building
parameters and HVAC systems coupling on building eneegjormance. Energy
Build 2011 6;43(6):124p3.

Liu J, Heidarinejad M, Gracik S, Srebric J. The impact of exterior surface convective
heat transfer coefficients on the building energy consumption in urban neighborhoods
with different plan area densitidsnergy Build 2015 1;86:4463.

. Marino C, Minichiello F, Bahnfleth W. The influence of surface finishes on the energy
demand of HVAC systems for existing buildings. Energy Build 2015 5/15;9%:70

. Orosa JA, Oliveira AC. A field study on building inertiadaits effects on indoor
thermal environment. Renewable Energy 2012 1;37(2989

. Orosa JA, Oliveira AC. Software tools for HVAC research. Adv Eng Software 2011
10;42(10):84€b1.

. Sandels C, Widén J, Nordstréom L, Andersson E.-Blagad predictions of eleidity
consumption in a swedish office building from weather, occupancy, and temporal data.

Energy Build 2015 12/1;108:27%0.


http://www.historiasiglo20.org/prehistory/

57

9. Tr |l ka M, Hensen JLM. Overview of HVAC
3;19(2):939.

10.Wembhoff AP. Application of optimizatiorethniques on lumped HVAC models for
energy conservation. Energy Build 2010 12;42(12):2845

11.Wemhoff AP, Frank MV. Predictions of energy savings in HVAC systems by lumped
models. Energy Build 2010 10;42(10):1804.

12.Yao R, Steemers K. A method of formutg energy load profile for domestic
buildings in the UK. Energy Build 2005 6;37(6):683.

13.U.S. Department of Energy, EnergyPlus eEgy Simulation Software (2015),

Available at:http://apsl.eere.energy.gov/buildings/energypliasicessed 10.27.15)

14.National Renewable Energ Laboratory, OpenStudio (2015)Available at:

http://openstudio.nrel.goyaccessed0.27.15

15.Frank P Incropra, David P DewitTheodore L Bergman, Adrienne S Lavine,
Fundamentals of Heat and Mass Transférediton, 2012, John Wiley and Sons Inc.,
ISBN: 9780470501979.

16.McQuiston, Parker, Spitler, Heating, Ventilation and Air Conditioning: Analysis and
Design, &' Edition, 2005, John Wiley and Sons Inc., ISBN401-470155.

17.EnergyPlus Engineering Reference, U.S. Department of Energy, 2014

http://www.enerqyplus.qov

18.EnergyPlus Input Output Reference, U.S. Department of Energy, 2014

http://www.enerqgyplus.qov

Sy


http://apps1.eere.energy.gov/buildings/energyplus/
http://openstudio.nrel.gov/
http://www.energyplus.gov/
http://www.energyplus.gov/

58

19.Unmet Hours Forum, for Building Energy Simulation, National Renewable Energy

Laboratory, 201%ittps://unmethoww.com/question/4094/thermostatheduleset/

20.0penstudio Documentation, National Renewable Energy Laboratory, 2015

http://nrel.qithub.io/OpenStudioserdocumentation/getting started/getting started/



https://unmethours.com/question/4094/thermostat-schedule-set/
http://nrel.github.io/OpenStudio-user-documentation/getting_started/getting_started/

APPENDICES

59



60

APPENDIX A (Modeling procedure of the house in EnergyPlus, OpenStudio and SketchUp)

1. First step is to download and Install the OpenStudio SketchUp Plugin and EnergyPlus
fromNREL( OpenStudi o) and DOEG6s website.
2. To Create a House Model Open Sketchlwparchitectureaemplat¢ and add a New

OpenStudio Model from Wizard as shown in the following Figures:

Bl Untitled - SketchlUp Make =) |
W@ s/~C~HA~SFBH+CR 2@ 2L ESR: SHEaROB © €@
tLHMB | Vo EVerRoBQOTYPAPY BB G TEYE

+ New OpenStudio Model From Wizard
Create a new OpenStudio model from
a wizard

9:54 AM al
10/25/2015

- @

The figure below shows what happens after you click the New OpenStudio Maoahel f
Wizard Button. It also indicates the standards followed throughout this thesis, i.e. the

template, building type and the ASHRAE zone used.
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B Untitled - SketchUp Make =@ = |

M@ /-C-H-¢3+0R PEBS2LAXESS: PHBLE & &[d
L MHAY VAT N ST BB TPAPY BREC LS TEEE

Building Type [MidriseApartment

Lol Lo

Template [189.1-2009

ASHRAE Climate Zone ASHRAE 169-2006-4A

Create Space Types? Ilrue

4

Create Construction Set? Ilrue

Lol Laf Lo

Set Building Defaults Using New Obim:ls?llrue

Lo ] e |

B Untitled - SketchUp Make =@ = |
_File Edit View Camera Draw Tools Window Extensions Help

A The model has 3 space types and 1 construction sets.

® @ @ ‘ Select objects. Shift to extend select. Drag mouse to select multiple. | Measurements l:’
e e 5 | g wg A= 1 - #
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After this save your OpenStudio File as well As the SketchUp File and keep on saving

thereafter, lest youra at a risk of losing all the changes made in your files.

3. When the OpenStudio model is loaded we can start drawing our thermal envelope.
Since the exact construction details of the envelope are assumed to be irvetevamt
keep the thermal envelopelie simple but at the same time relevant to the structure of
a house. The following figusshows the first stegin developing a thermal envelope,

Firstly drawing a rectangle (to scale) and then drawing partitions for individual spaces

or rooms with guide and straight lines:

@H lkp SkthUpMk v - - v

5 = s s T B || i)
\@-& 12! \@@e’wmu@:@@w@p ({Heoes SBaBO® & &E
PGB A E VS TPRSB QAT A|TY (@ -ﬁ eS| IEeE
Top

| Length

1020am | |

- |m @ )
L et

In this case our top view of the plan has two bedrooms a bathroom in between them a

kitchen on the side, and the remaininghaped Area as the Living room or the hall which
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is the control Thermal Zone in our simulatioRsr the ®xt step you would need to select

your plan. This is shown in the next figure:

& HouseLskp - SketchUp Make = — & |
I\@/ CH~ &% m\;@ﬂ@\eﬁfzp (fleews SR NS8 & ¢(¢
CHEBY PR VSRR QATYTPAPY @RECCE TEYE

& Cre tSpa(eiFomDagam
Create Spaces From Diagram

Tap

1028AM | |

N 07250015

4. After this we need to create spaces or build on this plan which can be done by create

spaces from diagram button as shown above and it results in:
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S Houselskp - SketchUp Make = b4
File Edit View Cal Draw Tools Window Extensions Help

NFg/7/~C~HA~¢+F34oR EB 2L, ES®L SHadNE S &
FTLOHHBY YA EH VS TR R ATRAIPY @RBUCS TEHE

Top
Create Spaces From 2d Floor Plan s
Floor Height (SketchUp Units)
ancel
() @ (@ 1@ select objects. shift to extend select. Drag mouse to select multiple. | Measurements

C1029am | |

N 07250015

5. After this you need toreate doors and windows appropriately on the outer surfaces by

selecting each space as shown:
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&I Houselskp - SketchUp Make
File Edit View Camera Draw Tools Window Extensions Help

~|<*7/ @~ -Ieﬂ CROEB Gz HeR. SRR E & 8¢
BB ¢SRS QATYTPAIPY @RECES TEEE

@ @ @ 1@  select first corner. | Dimensions - 3'6 3/16", 2' 2 1/16"

Bl HouseLskp - SketchUp Make

File Edit View Camera Draw Tools Window Extensions Help

I|<'7/ O rHv &P LCH OB 2 OY |mw@¢@mmﬁha X i
H B Yl 8V 8+RR/QATVPAIPY @BE S S ...I*ﬁ}em—P

n pi
1 details in the model,

® @ @ Ie Draw section planes to S interior detail in the model | Measurements
-
10:41 AM

Y wnspus

6. Now to draw internal doors/ windows use the section tool as shown in the pic above
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< $B4CRLERB G2 LAH IS SRR OEF
LM MBT d RS ST SRATPAIPY BREC S TEEE

® @ ® l‘ Select objects. Shift to extend select. Drag mouse to select multiple. | Measurements
= M =] " |

i HouseLkp - SketchUp Ml S

Megs-o-a-+3¢o0p SEB G2 LK ES®L SRR B oE[E
LI LIRS P LR A NI 1 T
Ly

Display and edit the selected object

® @ @ @ Display and edit the selected object | Measurements | |
= 'mE Mg S ‘ " o B

Finally it will look like above.
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7. Now you need to assign various spa their construction sets to qualify them in one of

the 3 spaces loaded with the OpenStudio Midrise Apartment Model, using OS Inspector
& Housel.skp - Sketchlp Make | = bl

WG s/~C~H-SFBSOR 0B ez Iees SEaBNE ©E¢
= 2 o e | Gt ad bk ot P e 00| @ P BRECLES TEYE

1 OF . 8 F - o
= e B
¥ CpenStudio Inspector

) g

Select Type Edit Object

0S:Construction:WindowDataFile (0) -
OpenStudio Geometry a
0S:Building (1)

0S:Facility (1)

OSiInteriorPartitionSurface (0)

OSiInteriorPartitionSurfaceGroup (0)

0S:ShadingSurface (3)
0S:ShadingSurfaceGroup (0)

Space 101

Space Type Hame

[ 189.1-2008 - MicriseApartment - Apartment -

Default Construction Set Name

[ 189.1-2005 - €23 - MickiseApar tment

OS:Surface (34)
O5:SubSurface (13)

0S:ShadingControl (0)
o :FrameAndDivider (01 =

Default Schedule Set Name

[189.1-2005 - MicriseApartment - Apartment - _

Direction of Relative North

I

Select Object X Origin

'39,999999999999993

0S:Space

¥ Origin

[ Name Comment e

14,

2 Origin
0

Space102 (6)

Building Story Name

[Bu\ldm Story 1
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05:Construction:FfactorGroundFloor (0)
0OS:ConstructioninternalSource (0) orth Asis
0S:Construction:WindowDataFile (0)
OpenStudic Geometry o
0S:Facility (1) Space Type Name

OSinteriorPartitionSurface (0)
OSinteriorPartitionSurfaceGroup (0)
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Default Construction Set Name
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1@  select objects. Shift to extend select. Drag mouse to select multiple.

"o m "x B

o |

- Apartment - €2

| Measurements

8. Now add Thermal Zones from the OpenStudio Inspector and Assign them to each of

these Rooms and check it by usingh e

6render t her mal

by

Z 0N E
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9. We are yet to assign boundary conditions to our thermal envelope, do it by using the

Surface matching tool which renders boundary condition to surfaces in the envelope:
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10.Now Launch OpenStudio to finish theitial Modeling Process before going to

EnergyPlus IDF.
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11.We need to addidVAC System to our Model which will supply conditioned air to our

thermal zones appropriately. Choose the PTHP template (second one).
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12.Now add thermal zones to the HVAC system from the Model:

































































































