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Scheduling

« Take home exam graded and returned today (most of them)

« HW #4 was assigned last week
— eQUEST modeling of energy impacts of enclosures on a commercial

building

« Updated schedule:

Finish energy simulation and enclosure design

7
13 Apr7 * Thermal mass (Ener Hrl: deling)
* BEopt and EnergyPlus (residential bldg.) £y g
HWS
14 Apr 14 | Codes and standards (Energy modeling)
15 Apr 2] | Guest lecture
16 Apr 28 | Course wrap-up and future of enclosure research
Final | May5 | No final scheduled Final project

report due




Final project topic selection

Name

Project topic

Behrens, Maria C.

Advanced insulation (aerogel/VIPs)

Geoghegan, Thomas

Double skin facades

Irazabal, Carlos H.

Cool roofs

Jung, Yun Joon

Passive solar + thermal mass

Lis, Kimberly A. Enclosure commissioning
Ng, Yin Ling \Window design

Theisen, Whitney A.

Carrillo Garcia, Jose BIPV

Dorn, Lawrence E.

Electrochromic glass

Erukulla, Dilip Kumar

Phase change materials

Liang, Jinzhe Double skin facades

Mullin, Elizabeth M. Straw bale construction (or earthen materials)
Tuz, Oleg BioSkin evaporative panel?

Chandler, Julie A. Electrical and non electrical smart glass
Chung, Allan Double skin facades

Fortune, Roger G.

Brooklyn Trust building

Gadani, Dhaval S. Green walls
Jarosz, Michelle M. Structural steel bridging
Linn, Rebecca C. Bio-bricks




Last time

Introduced energy simulation in building enclosure design
— Introduced system of equations
— Introduced eQUEST

In HW4 you had to make changes to the enclosure and
explore impacts on annual electricity, natural gas, and overall
energy costs



HW #4 eQUEST modeling

 eQUEST modeling of a commercial building
« 2 story office building in Chicago
— 25,000 sq ft square
— Baseline: dark uninsulated roof, metal frame with R-11 batts, concrete
floors, 53% WWR with double pane clear windows %4 thick %4 air gap
with no thermal breaks
— Individual changes: light roof, 1 in R-7 rigid polyiso insulation on
exterior walls, R-21 walls with R-4 rigid insulation, R-38 roof

insulation with radiant barrier, improved windows to double low-e
argon filled 72" gap with insulated spacers, and decreased WWR to

40%




HW #4 eQUEST modeling solutions

« Baseline results ~235,000 kWh electric and 454 MMBTU gas
— About $31,000 in total energy costs annually
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This time

 Thermal mass and thermal mass modeling

* Finish energy simulation in building enclosure design

« BEopt for residential energy simulation

— And as a utility for enclosure design
— Assign HW 5



THERMAL MASS



Thermal mass

Thermal mass refers to materials that have the capacity
to store thermal energy for extended periods of time

Thermal mass can absorb
daytime heat gains

%,_———-— T sor-arr

yinside wall te mp.

) Time

Reduces peak cooling load

Releases heat during the night

(can reduce heat load or can
. lay
extend cooling load)

I

massive wall




Historical use of thermal mass

* Thermal mass is not a new idea

* The use of thermal mass in
construction dates to the beginning
of history

— Stone caves are great examples of
ancient thermal mass buildings

— Mud-brick houses have been used for
thousands of years by numerous
civilizations in hot climates

» Helps buffer harsh exterior conditions
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Types of thermal mass

 Traditionally, materials with high thermal mass have also
had a high mass themselves:
— Water, earth, stone, brick, cement, concrete, thick tiles

— All these materials have high densities and high specific heat
capacities

 More recently, phase change materials are being used:

— Solid-liquid salts, paraffin wax, crystalline hydrocarbons

— These are materials that melt at room temperature and can store/
release large amounts of latent heat with much lower mass than

traditional materials



Thermal mass: Why do we care?

 All materials/constructions have some
thermal mass

Qo
— But constructions with a high thermal 2|
mass have large effects on the dynamic §
energy transfer in a building z
U
— Thermal mass can be both useful and et
detrimental to maintaining thermal <
comfort with changing heating and
cooling loads
Time of day
* A high thermal mass will be slow to heat
up — Qutdoor temperature
— But also slow to cool down -~ = light timber-framed building
— Can store large amounts of heat —= Heavy building with
 The result is that exterior temperatures Skl alih
can fluctuate greatly oo Heavy building set into and

partially covered with earth
— But the interior temperature will fluctuate

less
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Cooling load calculations and thermal mass

Peak Load
Time Lag

[

Heat
Stored

Btuh

Instantaneous /
Heat Gain 4

(X

Time {(Hours)

4 Peak Load

Reduction
Due to

Storage

Actual
Cooling Load
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What thermal mass is not

Thermal mass is not the same as thermal insulation/thermal
resistance

— In fact, most materials with high thermal resistance have low thermal
mass

Some material in a construction needs to have a high heat
capacity for the construction to have a high thermal mass



Heat Capacity, HC

The heat capacity (HC) of a material is the product of the
density of the material, the specific heat capacity, and the
material thickness

— HC = pLCp [J/m2K]

— HC is a measure of the ability of a material to store energy per unit
area

— L =length [m]

— p = density [kg/m?3]

— C, = specific heat capacity [J/kgK]

— You sometimes also see HC*A = pLAC, or pVC,[J/K]

Heat capacity is important to thermal mass, but needs to be
compared with thermal conductivity to get the whole story



Thermal Diffusivity, o

« Thermal diffusivity, «, is the measure of how fast heat
can travel through an object

* o s proportional to conductivity but inversely proportional
to density and specific heat:
k
=—— [m’/s]
pC,

 The lower the ¢, the better the material is as a thermal
mass (low conductivity relative to storage ability)

— The time lag between peak internal and external temperature is
related to the diffusivity of the walls

— Steel has a high pC, but also a high k so it is not as good a
thermal mass as concrete or masonry



Thermal properties

« All three material properties can be found in ASHRAE HOF
chapter on thermal transmission data (Ch. 25 in 2005 HOF)

— Thermal conductivity, density, and specific heat

Resistance (R)

Conductivity® Conductance For Thickness Specific
Density, (k), (), V/k, Listed (1/C), Heat,
Description kg/m’ W/(m-K) W/(m?*K) (m-K)/W (m*-K)/W kJ/(kg-K)
Gypsum partition tile
75by 300 by 760 mm, sohd ... — — 450 — 0222 0.79
75by300by 760 mm, 4 cells ... - — 420 - 0238 —
100 by 300 by 760 mm, 3cells....................... - — 340 - 0294 —
Concretes®
Sand and gravel or stone aggregate concretes (concretes 2400 1429 — 0.69-0.35 — —
with more than 50% quartz or quartzite sand have 2240 1326 — 0.77-0.39 — 08-10
conductivities in the higher end of the range)............. 2080 10-19 — 099-053 — —
Limestone coneretes ... 2240 1.60 — 062 — —
1920 1.14 — 0388 — —
1600 0.79 — 126 — —
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How do we model thermal mass

« Thermal mass can have a large impact on time-varying
energy use and thus needs to be accounted for in energy
simulation programs

 There are several ways to model thermal mass, with varying
degrees of complexity and accuracy

« We briefly talked about some of these in CAE 331/513
Building Science (lectures on cooling load calculations)



Cooling load calculation methods vary in how they treat

&

e R R e
T T T R e

thermal mass

Load Estimating Methods

ASHRAE Heat
Balance Method

ASHRAE Transfer Functions

ASHRAE RTS

ASHRAE CLTD/CLF

ﬁnstantaneous Q=UATD >

19



Instantaneous UA(dT) method

« The methods used for heat load calculations:

OQ=UAAT o Q=K, AT

 Don’t include any thermal mass
— Simplest and least accurate

Load Estimating Methods T




Load Estimating Methods

CLTD (°C)
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Radiant time series (RTS) method

q(n)=CoU(T(n) - T(n)) + C,U(T(n-1) -
T (n-1))+ ... + C,;U(T,(n-23) - T(n-23))
where 7, = T

sol-air

Y,,=C, Uis the periodic response
factor (PRF) in [W/m2K]

9 conduction.in3am — Y 0 (Te,8am -T, ) +Y ( eJam ) (Te 6am )

Yp3(Te,5am_Trc) ( edam rc)+Y( )"'
+Yp22 (Te,llam - Trc)+ Yp23 (Te,loam - Trc) + Yp24 (Te,‘)am - Trc)

@ 4| Load Estimating Methods

0.25
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gypsum board
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Heat balance method (HBM)

Same as our energy balance

method introduced last time

 Most complex and most
accurate method

« Within this method, there are
various ways of treating
thermal mass

Load Estimating Methods

Lw
RADIATION

e
ABSORBED CONVECTION
INCIDENT TO OUTDOOR
SOLAR AIR
7. \J
RAL A CE

THROUGH-THE-
WALL CONDUCTION

Lw
INDOOR FACE RO
HEAT BALANCE INTERNAL
SOURCES

LW
IATION

EXCHANGE
WITH OTHER
SURFACES

DUPLICATED FOR EACH SURFACE

J
INFILTRATION AIR HEAT CONVECTION
VENTILATION BALANCE FROM
EXHAUST INTERNAL
AIR SOURCES
\J

HVAC
SYSTEM
AIR
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Simplest ‘box’ model

Roof

Left wall

air

Floor

Elements are connected by:
1) Convection — air node
2) Radiation — surface nodes

Slide courtesy Atila Novoselac, University of Texas at Austin

Right wall
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Unsteady energy balance for air node

« To get the impact on indoor air temperature (and close the system of
equations)
— Write an energy balance on the indoor air node
— Air impacted directly only by convection (bulk and surface)

drl . . . .
(‘/roompaircp,air) ;l;,m = E hiAi (T;',surf - Tair,in ) + me (Tout - Tair,in ) + QHVAC
i=1
In plain English: - o+ Grvac
The change in indoor air Cs
temperature is equal to the
sum of convection from
each interior surface plus E
outdoor air delivery (by [ |Ls e Ral , |
infiltration or dedicated AAairnoe <o
outdoor air supply), plus the
bulk convective heat Q ciration
transfer delivered by the F3:
HVAC system :




Bringing all modes (and nodes) together

« For an example room like this, you would setup a system of
equations where the temperature at each node (either a
surface or within a material) is unknown

— 12 material nodes + 1 indoor air node

Heat Xfer @ external surfaces:
Radiation and convection

At surface nodes: c:?
3
2,4=0
At nodes inside
. 1 2 |3 31 2 |1
materlaIS' Tt A ar o J1e
L + ¢"' R
. R
me d = Eqat boundaries é’l ?\’ﬁ(}}?"
4 Room s
\ Based on density 3 e
and heat capacity ,3 internal surface node
of material F «2 element-inner node

"1 external surface node



Modeling thermal mass: Transient (unsteady) conduction

« Divide material assembly into multiple nodes

27



Modeling thermal mass: Unsteady conduction

e Conduction and thermal mass together can be modeled
using discrete nodes in 1-dimension:

Insnflre _Su;‘face Layer 1 Layer 2 Layer N Outrsrlde iurface
bis T p1,Ki, ¢ P2, ko, C2 PN, Ky, ON 40 2 60
and o, and oy and oy
<+— (co
102 il i i n-1 I n
Qi »—@ i O T O i O O —{ < (r0
___1:' ______ { i:___;__;{ L__
Ax, Ax Ax, |Ax, Ax, ¢ I
2 212 2
}_. x
Boundary conditions:
Governing equation: 5T
adl
P p a= [mz/S] —kl (n}x: — hl(TI"I - TX :)) T)(X,O} - TU
OT; 1 9T, oC, o
W2 . - aT \
()X l} ()t ¢ = time [s] "k.\'& L = Reo(Txt — Tio) —al, — Gro 28




Modeling thermal mass: Unsteady conduction

« Conduction finite difference solution (implicit)

P

(zi'-1)  (T4'-17")
o b Ax e Ax
Jri _ i
L I l . ' (36)
a2 (7i-77)  (B4-T)
+| ky +k,

Ax Ax
Where:
T - node temperature
Subscripts:

i = node being modeled

i+1 = adjacent node to interior of construction SeIeCtlng grld Size.
i-1 = adjacent node to exterior of construction ( FO - aAt / sz) <0 5

j*+1 = new time step
] = previous time step
At = calculation time step
Ax = finite difference layer thickness (always less than construction layer thickness)
C, = specific heat of material
kw = thermal conductivity for interface between i node and i+1 node
ke = thermal conductivity for interface between i node and i-1 node
p = density of material
29

Implicit = temperatures are evaluated at time j+1 as a function of temperatures at time j



Modeling thermal mass: Unsteady conduction

« Conduction and thermal mass together can also be modeled more simply
using a lumped capacitance approach in 1-dimension:

N— A (‘dj:hA(TO—TIHTZ_TI
| dt ' R
|
T, T.-T,
| CE2 _ hA(T -T,) + L2
| dt - R
T, T T2 T;
Y Y
A RI A where:
C=r , Ccmm L
| pc, LA
— N 9

Figure 9. Two Node State Space Example.
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Lumped capacitance model

« Wall example: Exterior surface balance at T, changes

|
|
= |
TI Text surf | T Tznt surf
L % \ /\/ T;
o | o\
hA [ hA
C
L | L
[
|
Figure 9. Two Node State Space Example. q
q sw,solar
sw,solar
+q
+QIw,surfaCe_sky Iw surface-sky

From: To:

+
+QIW,Surface—g;ﬂ0und qlW,surface—ground

q ] + qconvection
convection

=0 . _pe LdT
conduction p 2 dt

qconduction



Lumped capacitance model

I
L2 VL2
T] - Text,surf : TZ - Tint,surf
To Ti T> T;
T [ i <] 2
hA | hA
cr | CT
I =
I
N\

Figure 9. Two Node State Space Example.

Steady state surface energy balance...

~TH+h

cony (

T

al air_ﬂ)_U(T]_TZ):O

solar

+ SIGF;ky (7—;2)) - ]114) + glgFground (T4

ground

...becomes a time-varying surface energy balance:

C
_]14)+hconv(Tair _]—i)_U(Ti _T2) = 'OA .
t

al solar

+ 810F;ky (T's;y - ]—14) + €IOFground (T4

ground

L »
(T -T"
2( =)




Dynamic thermal mass: Example in a Hot Box

Three 25 W bulbs inside a 1 m?3 insulated box with 8 inches of EPS
insulation on all sides

Known R-5 insulation installed as the sample
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Dynamic thermal mass: Example in a Hot Box

Three 25 W bulbs inside a 1 m?3 insulated box with 8 inches of EPS
insulation on all sides

Known R-5 insulation installed as the sample
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Temperature (C)
N N w w EN NN (@) (@)
o (@) o (@)} o (@) o (@)}

RN
(@)

Dynamic thermal mass: Example in a Hot Box

Measured temperatures

¢ Hot box air

® Hot box surface

Room surface
<X Room air

0 60

120

180 240 300
Time (minutes)

360

420

480
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Heat flux (W/m?2)

Dynamic thermal mass: Example in a Hot Box

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Measured heat flux through the R-5 sample

60 120 180 240 300 360 420 480

Time (minutes)
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R-value (h-ft2-F/BTU)
© =~ N W h 01 O N ®© ©

S e

Dynamic thermal mass: Example in a Hot Box

Calculated R-value from flux and surface temperatures

60 120 180 240 300 360 420
Time (minutes)

480
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Dynamic thermal mass: Example in a Hot Box

Predicted hot box air temperatures (ignoring heat capacity of insulation)
60

50

V

S
&)

N
o

—Predicted hot box air

w
(&)

¢ Hot box air

Temperature (C)

w
o

N
(@)
|

What is happening?

N
o

RN
(€

0 60 120 180 240 300 360 420 480
Time (minutes)

dl .. ~
(‘/boxpaircp,air) da:‘,m = E hiAi (Tl",surf - T;zir,in) + me (]-;ut - Tair,in) 38
i=1




Dynamic thermal mass: Example in a Hot Box

Predicted hot box air temperatures (adding heat capacity of insulation)

60 .
Assuming:
55 Density = 13 kg/m?
50 Cp = 1200 J/kgK
C 45 V=1m?
o
340
o
Q 35 —Predicted hot box air
= * Hot box air
2 30
25
" Accounting for heat
0 capacity allows for more
15 accurate estimation of
0 60 120 180 240 300 360 420 480 when the peak occurs
Time (minutes) (about 8 hours later)
VC
Adding this term: ( Pe )"”S”l“”"’” (T'-T"") 39
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Simpler metrics: Time lags and decrement factors

These models (and measurements) can also be used to
describe time lags and decrement factors

* Time lag describes:
— For a given peak exterior surface temperature at a certain time for a
material without thermal mass
— How much later (in time) does the peak interior surface temperature
actually occur because of thermal lag effects?

« Decrement factor describes:

— How much lower is the peak temperature swing (amplitude) with an
enclosure with high thermal mass relative to no thermal mass

* e.g., How squished is the peak temperature profile?



Thermal mass impacts

Decrement factors (¢) and time lags (/)

Heat storage of wall
excluded

60 -

Heat Flux q (w/

=
-
1 1

Heat storage of wall
included

()
o O
TR SR T |

)
S

0 2 4 6 8 10 12 14 16 18 20 22 24
Time, t(h)

Asan, H. 2006. Numerical computation of time lags an decrement factors for different building materials. Building and Environment 41:615-620.
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Material properties for thermal mass

10000

- g X v v
- s B o4 v
B 20X A + cement [» wood
1000 o > A concrete o  plastic
& ; m A ¥ & brick [J rubber
= ] p 2ypsum < PV.C
% <> < granite |l asbestos
- . O marble @ formaldehyde
— H A sandstone 4 thermalite
&) 100 ~ X clay > fibreboard
. vV asphalt pg siporex
- 0 « cork @ polyurethane
v steel - 0 ﬁberglass
_ ® vV aluminum[] bakelite
B glass K soil
]O L) LB | L LA | L] LA ' LI | L L LA

0.01 0.1 1 10 100 1000
k (W/m K)

Asan, H. 2006. Numerical computation of time lags an decrement factors for different building materials. Building and Environment 41:615-620.



Modeled time lag of several materials with varying thickness

24 - thickness (m) i
- — 0.010 :
20 - —0.025 !
_ — 0.050 i
= 16 - — 0.100 X
= —0.200
s 12- — 0.300 :
O _
E |
- 8 t L
’ A S )
4 - ° -
:\ @ I
O _—
04 0.6 0.8 1 1.2 1.4
(b) thermal diffusivity (x106 m/s)
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Computed time lags and decrement factors for materials

Table |
Thickness L=000lm L=000m L=0025m L=005m L=0100m L=0200m L=0300m L=1000m
Building material ¢ M) f ¢ (h) f ¢ ) f M) f o) f ¢ () f o () f ¢(h) f
Cement layer 0.01 0730 009 0647 026 0544 069 0426 189 0284 512 0128 823 0054 =24 =0
Concrete block 001 0733 0.16 0672 044 0588 1.14 0477 288 0312 681 0118 1031 0043 =24 =0
Brick block 001 0735 0.17 0683 046 0609 1.15 0506 283 0343 6.65 0.137 98 0053 =24 =0
Gypsum plastering  0.01  0.732 0.12 0660 028 0564 089 0450 234 0299 593 0123 927 0.048 =24 =0
Granite (red) block  0.02 0.739 024 0726 0.59 0701 1.28 0.646 262 0515 501 0288 695 0.166 =24 =0
Marble (white) block 0.02  0.739 0.22 0721 0.56 0689 1.25 0.626 266 0487 531 0255 7.5 0.136 =24 =0
Sandstone block 0.02 0737 0.16 0720 040 0.688 092 0.633 203 0519 447 0306 645 0.176 21.77 =0
Clay layer 002 0736 0.17 0698 045 0639 [.10 0551 261 039 598 0.178 884 0078 =24 =0
Soil layer 0.03 0732 040 0669 131 0569 293 0409 6.12 0.184 12.08 0.036 1865 0001 =24 =0
Asphalt layer 004 0738 041 0706 1.03 0647 231 0526 462 0309 882 0.100 1200 0034 =24 =0
Steel slab 004 0741 038 0736 089 0719 1.79 0.658 305 0516 441 0313 509 0227 895 0.031
Aluminum slab 002 0741 023 0739 055 0733 [.13 0.708 209 0631 343 0459 414 0352 586 0.113
Cork board 0.00 065 008 0323 032 0174 1.10 0.097 3.66 0044 10.02 0008 1577 0001 =24 =0
Wood board 0.02 0717 024 0559 0.79 0403 227 0259 58% 0.103 1331 0.014 2028 0000 =24 =0
Glass block 002 0735 039 0692 073 0624 1.64 0517 377 0329 774 0116 11.65 0041 =24 =0
Plastic board 001 0733 0.10 0671 027 0587 073 0482 190 0339 494 0.162 784 0073 =24 =0
Bakelite board 0.0l 0724 034 0603 096 0466 232 0315 576 0.136 1253 0.022 1949 0001 =24 =0
Rubber board 003 0728 039 0629 1.17 0501 3.01 0331 676 0.127 1434 0017 21.82 0000 =24 =0
PVC board 001 0717 020 0559 065 0406 190 0265 511 0116 1192 0019 1801 0002 =24 =0
Asbestos layer 003 0716 037 0557 123 039 339 0230 797 0069 1741 0004 =24 0000 =24 =0
Formaldehyde board 0.00 0.632 0.01 0271 0.06 0.139 023 0077 084 0.040 3.19 0018 5% 0008 =24 =0
Fiberglass 0.00 065 001 0322 0.10 0174 052 0.09 1.71 0051 570 0018 992 0006 =24 =0
Thermalite board 001 0721 009 0582 028 0439 081 0309 236 0.181 6.52 0064 1043 0021 =24 =0
Fiberboard layer 0.00 0682 006 0379 024 0234 080 0.138 266 0069 786 0019 1254 0005 =24 =0
Siporex board 0.01 0710 0.09 0517 026 0355 092 0231 281 0123 7801 0035 1231 0009 =24 =0
Polyurethane board 0.00 0.632 0.01 0271 003 0139 012 0.077 042 0040 1.63 0020 336 0.120 1731 =0
44
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Why are these important?

 Time lag
— Doesn’t impact energy use directly
« But impacts time of energy use
— Can shift peak loads

— Meaningful for peak loads on aggregate basis
 Also for energy markets with dynamic pricing

« Decrement factor
— Directly impacts energy use
« Dampens rate of conduction through enclosure
— Can allow for smaller HVAC equipment

* Lower upfront costs
* Important in design phase



Thermal time constant (77C)

* The thermal time constant is defined as the sum of the
product of the heat capacity of a layer i and the
cumulative thermal resistance up to layer i

TTC - E p i CpiLiRoei,cumulative

Units of time [sec]

« TTC is a measure of time it takes heat to propagate
through the wall and is a kind of “effective” thermal
iInsulating capability

— The higher the TTC, the lower the overall heat transfer through
the structure



Example TTC calculation: insulation placement

Wall 1: exterior insulation

outside

Thermal

mass

TTC =43.8

inside

Wall 2: interior insulation

outside

Thermal
mass

TTC=7.8

inside

TABLE 3-8, CaLcuranioN OF THE THERMAL TIME CONSTANT
OF 2 WaLLS (METRIC)

EQQAR

o—>i ,cumulative

Wall #1 I

THICK DENSITY RESIST. CUMULAT. HC QR
LAYER [{m) PUKg/m' RESIST. p*c lir
LExt. surface 0.03
Ext, plaster 0.02 1800 0.025 (0.0425 414 0.35
Palvstyrene 0,025 30 0.71 041 12 .12
Concrete 0,10 2200 0.06 0.795 506 40.2
Int. plaster 0,01 1600 0.014 0.832 363 3.1
Walls T°1C 43.8
Wall #2

THICK DENSITY RESIST. CUMULAT. HC QR
LAYER I,(m) piKg/m*) 1, RESIST., p*c Hr
Ext. surface 0,03
Ext. plascer .02 1800 0.025 0.04525 414 0.35
Cancrete .10 2200 0.06 0.085 506 +.3
Polystyrene 0.025 30 0.71 0.47 12 0.14
[nt. plaster Q.01 1600 0.014 0.832 368 31
Walls TTC 78
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TTC example

 The Thermal Time Constant (TTC) of the concrete wall with
exterior insulation is nearly 5x larger than the concrete wall
with interior insulation

— This means the wall with exterior insulation will be a better thermal
mass

« The assembly with the interior insulation has the large
thermal mass directly exposed to the large temperature
swings of the outdoors

— By placing the insulation between the exterior air and the thermal
mass, it takes longer to “charge” and “discharge” the thermal mass

with heat

— To take advantage of thermal mass, the mass should be in
contact with the indoor environment



Finishing building energy modeling...

BEOPT AND ENERGYPLUS

«’ BEOpt (a

EnergyPlus




EnergyPlus

* EnergyPlus is an extremely powerful building energy

simulation tool
— Uses hourly or sub-hourly time steps
— Models nearly all physical phenomena well
* Including transient heat conduction (thermal mass)
— Combined heat and mass (air) transfer modeling
— Excellent system models
— Thermal comfort modeling
— Modular for future extensions

http://apps1.eere.energy.gov/buildings/energyplus/enerqgyplus about.cfm

Runs on Windows, Mac, and Linux



EnergyPlus program organization

EnergyPlus :
Sky Model . . Air Loop
Module - Simulation Manager . Module

Shading Zone Equip
Module \ Integrated Solution Manager Module
.. Surface Heat Air Heat Building
Dalallghtl:mg Balance Ralarns Sisn}:ztlg';"gn PlhanntdLTop
odule Manager Manager Manager odule
Window Glass . \ Condenser
Module t ‘ Loop Module

CTF . .
: AirFlow Network
Calculation Module PV Module

Module

One huge limitation: it does not have a graphical user interface (GUI)

51



EnergyPlus only has a text based input file editor

_';']u)r Editor - C:\Documents and Settings'\ Administrator\Desktop) simpleadd

Fle Edt Vew Heb

D||B|&5] £ |%|#| Newosi | ouwobi | peiob |

Class List

- Comments trom IDF

l.ocohon Chmate - Weather File Access

[~ SpeciaayPenod

[-=] DaylightS avingPeriod

[~] Locabon

[=—] DesgrDay

[~-] GROUNDTEMPERATURES

{001] BUILDING

(001] TIMESTEP IN HOUR

{001] INSIDE CONVECTION ALGORITHM
{001] OUTSIDE CONVECTION ALGORITHM

IFC to IDF hle generated by Chent [Beta 4) to BSPro

EOMé;Suva [Release 1.12b) for Enetgyius (V1.0 ot Beta
o

Impoited IFC Path Name: C:\Documents and

Settng:\admnistrator\Desktop\smpbe dc

Generated IDF Path Name; C:\Documents and

Sethngs\Admnistiator\Desktop\smple idf

Genetated on Apnl 26, 2001 13.36

Explanation of Keyword

[io N1
Detault 0

(001] SKY RADIANCE DISTRIBUTION | §|Hangezisetasd2ac pegean
i g

Feld Unds | Oty Ob2 | Oby3 | Obsd

Begn Month 4 6 3

| Begn Day Of Month 1 1 1 1

End Month 1 B 6 9

End Day Df Month 7 7 7 7

Day Of Week For Start Day

Hea \WaathadFila Hokdans /S nacia
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We need front-end GUIs for EnergyPlus

OpenStudio
DesignBuilder
EFEN .
AECOsim = ‘..
Hevacomp
N++

gEnergy
Simergy
Sefaira
BEopt
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BEopt

« BEopt (Building Energy Optimization) combines a user-
friendly GUI for building model geometry and specifying
enclosure details, systems, etc. with both parametric
analysis and an optimization engine for identifying cost-
optimal efficiency packages

— Includes annual energy costs/savings, construction costs, and
material/equipment costs

— https://beopt.nrel.gov

« Strictly limited to residential buildings
* Only runs on Windows

» Uses either EnergyPlus or DOE-2.2 as the simulation engine

— eQUEST uses DOE-2.2
— We will use EnergyPlus (more robust)



Spaces
[ Living
. Garage

Erase

Attached Walls
[] Left-Facing
[[] Right-Facing
[[] Back-Facing

BEopt: Start with building geometry

Levels [ Fnd | [ 1st | [ 2nd | 1 Beds Baths Total Finished sqft

Q@:m |Wa||i-;eight l it | &

o
i

No errors.

<

Scale: 1cell=1ft Front
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BEopt: Then pick basic characteristics

Building Mortgage
EPW Location | USA_GA_Atlanta-Hartsfield-Jackson. v Down Payment 0.0 %
Terrain Suburban v Mortgage Interest Rate 7.0 %
) Mortgage Period 30 years
Economics
) ) ) Marginal Income Tax Rate, Federal 28.0 %
Project Analysis Period 30 years
) Marginal Income Tax Rate, State 0.0 A
Inflation Rate 3.0 %
Discount Rate [Real) 3.0 %
M aterial Cost Multiplier 1.00 Incentives
Labor Cost Multiplier 1.00 Ta Credits kRebates | "fict o4 ‘ Py
Electricty | Natural Gas | Oil Propane
tility R ates Energy Factors
(&) User Specified Marginal | 0.0800 | $/Kwh Source/Site Ratio 3.365
O State Average Fixed | 800 | $/month Carbon Factor 1670 | Ib/kwh
() National Average Average $/kwWh

(O OpenEl Utility Rate

Fuel Escalation [Real) 0.00 Zivear

Met-Metered Annual Excess Sellback Rate
(%) Retail Electricity Cost

() User Specified

$/kwh



BEopt: Then pick basic characteristics

My Design ‘

Orientation
Neighbors

(= Operation
Heating Set Paint
Cooling Set Paint
Misc Electric Loads
Misc Gas Loads
Misc Hot Water Loads
Natural Yentilation
Interior Shading

= Walls
Double Wood Stud
CMU
SIP
ICF
Other
Wall Sheathing
Exterior Finish
Interzonal Walls

=) Ceilings/Roofs
Unfinished Attic
Roof Material
Radiant Barrier

= Foundation/Floors
Slab
Carpet

=- Thermal Mass
Exterior Wall Mass

Mo L mea

234567803 0111213141518]
2

=]
«
N

(2305673890
12 3E05 678 9 10]
123 5678
3 4
3 4
3 4
1FN3 456

HHHHH

[[234567 831011 [AI1314151617181320212223;

[

2345867
iz 555 6]
Bz:oseros]
23 4
23 4
34567 839101112
23456789101

]ﬁﬂf

(234567 ¢ 3 10[l12131415 161713 19202122 23;

[[23as[l7 89 1011121314151617 18192021 2223;

22456759 m0111213]
N |

[z=z4567¢31011121314151617]
1234

'L

[1 Bl 4 5]
<

~

@ Option

1)
2)
3)
4)
5)
6)
7
8)
9)
10)
1)

Mone

Uninsulated, 2x4, 16 in o.c.

Uninsulated, 2x6, 24 in o.c.

R-7 Fiberglass Batt, Gr-3, 2x4, 16in 0.c.

R-7 Fiberglass Batt, Gr-2, 2x4, 16in 0.c.

R-7 Fiberglass Batt, Gr-1, 2x4, 16in 0.c.

R-11 Fiberglass Batt, Gr-3, 2x4, 16in o.c.

R-11 Fiberglass Batt, Gr-2, 2x4, 16in o.c.

R-11 Fiberglass Batt, Gr-1, 2x4, 16in o.c.
R-13 Fiberglass Batt, Gr-3, 2x4, 16in o.c.
R-13 Fiberglass Batt, Gr-2, 2x4, 16 in 0.c.

12) R-13 Fiberglass Batt, Gr-1, 2x4, 16ino.c.

13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)

R-15 Fiberglass Batt, Gr-3, 2x4, 16in o.c.
R-15 Fiberglass Batt, Gr-2, 2x4, 16 in 0.c.
R-15 Fiberglass Batt, Gr-1, 2x4, 16in o.c.
R-19 Fiberglass Batt, Gr-3, 2x6, 24 in 0.c.
R-19 Fiberglass Batt, Gr-2, 2x6, 24 in 0.c.
R-19 Fiberglass Batt, Gr-1, 2x6, 24 in 0.c.
R-21 Fiberglass Batt, Gr-3, 2x6, 24 in 0.c.
R-21 Fiberglass Batt, Gr-2, 2x6, 24 in 0.c.
R-21 Fiberglass Batt, Gr-1, 2x6, 24 in 0.c.
R-13 Cellulose, Gr-3, 2x4, 16in o.c.
R-13 Cellulose, Gr-2, 2x4, 16in 0.c.
R-13 Cellulose, Gr-1, 2x4, 16in 0.c.
R-19 Cellulose, Gr-3, 2x6, 24 in 0.c.

@ R-Assembly
[h-ft~2-R/Btu]

3.6

3.7

8.3

8.7

8.9

9.6
10.1
10.5
10.3
10,9
il
10.9
11.7
12.2
13.4
14.6
15.5
14.6
16.1
17.2
10.3
10.9
11.4
14.0

Factor
[frac]

0.25
0.2z
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.22
0.22
0.22
0.2z
0.22
0.22
0.25
0.25
0.25
0.22

Cost

[$/ft~2 Exterior Wall]

$1.54
$1.76
$2.41
$2.43
$2.46
$2.49
$2.51
$2.54
$2.53
42,55
$2.58
$2.57
$2.59
$2.62
$2.58
$2.60
$2.62
$2.61
$2.64
$2.66
$2.55
$2.57
$2.60
$2.64

v

Standard wood stud framed walls with cavity insulation. When batt insulation must be compressed ta fit within the cavity (e.g. R19ina 5.5

2x6

cavity), R-values reflect this effect.
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BEopt: Simulate and compare results

Select: Max Savings ~ Reference: B10 Benchmark v Tools: A &
-
-~ Building ~
g 3000 Orientation | $0 East =
S 2800 Neighbors |l B $0 at15h
® Operation
& 2600 Heating Set Point $0 71F
o Cooling Set Point $0 76F
= 240047 Humidity Set Point $0 60%RH
4 iy Misc Electric Loads $0 1.00
2 2200 Misc Gas Loads $0 1.00
2 2000 Misc Hot Water Loads $0 1.00
I Natural Ventilation $0 Benchmark
'_g 1800 Intenior Shading $0 Benchmark
£ i Walls
< 0 20 40 60 80 : Wood glud B s s&% R-19 Fiberglass Batt, Gr-1, 26, 24 in o.c.
Al Nt o (% ouble Wood Stud None
Source Energy Savings (%/yr) MU $0 None
E]@ SIP $0 None
ICF $0 None
230+ Other $0 None
= — PV (E) Wall Sheathing oa $3190 0SB, R-10XPS
E Misc. (G Exterior Finish | [ $15,973 Stucco, Medum/Dark '
£ 1844 i isc. (G) Interzonal Walls ) $753 R-19 Fiberglass Batt, Gr 1, 2x6, 24 in o.c., |
3 (394) Lg Appl (G) Cedings/Rools :
2 1384 : B HotWater (G) Unfinished Attic ol 16 $959 Ceding R-60 Fiberglass, Vented
o Roof Material $3311 Asphakt Shingles, Dark
& B Heating () Radiant Barier | [l $0 None
L go4 : Foundation/Floors
ui 240 L Coona B Unfinished Basement a $1.852 Whole Wall R-10XPS
e HVAC Fan/Pump [E) Interzonal Floor $146 R-38 Fiberglass Balt v
5 " Lisis ) $126.884 Total Present Value
0 B Lg Appl (E) :
B VentFan(E) Option o Ref Point
e o B Misc. (E) Numbers M Curent Point ~— Higher Option Number
) o Available Options — Lower Option Number
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BEopt: Can also download DView for detailed results

— — [ENE

$ DView - [BRA_Recife-Guararapes_SﬁERA.epw] . -

45 File View Window Help HER
=|S|@| & $12]

Hourly | Daily | Monthly | Profile | DMap | Boxplot| POF | COF | DT |

[V Autoscale when zooming and panning

1.000 Hourly Time Series . = | Dy Bull:! Temperature
E ' [T I Dew Point Temperature
[ v Relative Humidity

g 800 K [~ I Atmospheric Station Pressure

_E \ § 7 " Extraterrestrial Horizontal Radiation

E 600 6 & | I Extraterrestial Direct Normal Radiation
E \\ g 7 I Horizontal Infrared Radiation from Sky
= 400 4 = || Global Horizontal R adiation

E g == [v | Direct Normal Radiation

Z o0 2 [7 I Diffuse Horizontal Radiation

g [7 I Global Horizontal llluminance

a8 4l L- 7 I Direct Normal llluminance

34 100 I~ I Diffuse Horizontal llluminance

— * [~ I Zenith Luminance

8 32 <+ ® o . <+ loo = [T I Wind Direction

g " moA * ’. 000 *e @ oo E’ [~ I~ Wind Speed
AR o owl e o T e g R

1 e e e o — o oy

E * hasoso Qoo :’0_ R “«. o 70 % [~ [ Visibilty

2 281 S wm o o * N A [ g [T Ceiing Height

a * * ¢ = || Precipitable Water

g 244 — % ¢ ". 80 & [~ | Aerosol Optical Depth

*e “0" [T I Snow Depth
e 3 " 4 j g j 6 j 7 j 8 50 [7 I Days Since Last Snowfall
Right click to copy, save, or modify February
F > [EElS
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BEopt + EnergyPlus demonstration

e HW 5
— Similar to HW 4

— Explores enclosure trade-offs with a single-family home using BEopt
and EnergyPlus

* Assigned today

— Due next week



