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Last time

Introduced the concept of heating and cooling load
calculations

Introduced design conditions

Introduced heating load calculation procedures
— Relatively simple

— Steady-state/instantaneous

— Envelope + air exchange - internal gains



Heating load calculations

« Define the building envelope, calculate transmission losses and internal
gains, find design conditions, and use the simple equations below
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Today’s class

* Introduce cooling load calculations
— Concepts and procedures

* On Tuesday Nov 17:

— Introduce Trane Trace 700 software for cooling load calculations



COOLING LOADS



Cooling loads

« Cooling load calculations are more complicated than heating
load calculations

* Peak cooling loads will occur during the day when solar
radiation is present

— People and equipment can also be highly variable

« Radiation varies throughout the day and the building’s
thermal mass affects the time release of this heat energy

— Calculations must be dynamic to account for storage

Qsensible load —
—_ —_ —_ —_ -+
Qenvelopetransmission + Qairexchange Qsolar Qpeople Qequipment Qligh/%
Remember:

Q is typically positive (+) when there is a heating load (cold outside)
Q is typically negative (-) when there is a cooling load (hot outside)



Dynamic response for cooling loads

Cooling load calculations differ because gains from radiation do not
directly heat up the air in the space

— Only convection from interior surfaces contributes to an immediate
temperature rise in the air space

Radiation through windows, from interior surfaces, and from internal
sources (e.g., lights) will be absorbed by other interior surfaces, and then
those surfaces will eventually transfer that heat energy to the air by
convection

— But the addition of radiative heat does not occur immediately

Because radiative heating is not direct, heat storage through thermal
mass can create a thermal lag, which can have a large effect on cooling
loads



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

 Reduces peak
cooling load

* Releases heat during
the night (can reduce
heat load or can
extend cooling load)

Temperature

Time-lag (gp)
_17_

outside temperature

w— rOOM temp. with low thermal mass
= room temp. with high thermal mass
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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 = PLC, [J/mK]

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

— L = thickness of material [m]

— p = density [kg/m?3]

— C, = specific heat capacity [J/kgK]

— Also, HC*4 = pLAC, or pVC, [J/K]for a volume of material

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, o, 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 capacity:
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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Accounting for thermal mass impacts

160
. Heat storage of wall
140 4 Accounting for thermal excluded s
1 mass will dampen the
120 4 peak load and shift it to Lower
°E 100 - later in the day thermal
= 1 diffusivity, a
£ 80 -
o .
Z 60 -
T .
= 40 -
i) )
20 A Heat storage of wall
0 ] included
-20 I I | I I ! 1 ' | J | ‘f I ! | ' |

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.



Accounting for thermal mass is necessary for other
types of loads as well

Need to account for heat capacity of building materials and the fraction of
radiative versus convective heat given off by systems and equipment

Radiative, percent Convective, percent
Fluorescent lights 50 50
People 33 67
External walls and roofs 60 40
Appliance and machines 20-80 80-20
Instantaneous heat gain Cooling load if
E / | / lights remain on
ow|  Heatstorage Y S
3 ESI R T T \
© Actual cooling load
o
c
©
w . 3
3 Stored
- heat removed | )
Lights on Lights off

Time

Figure 8-3 Actual cooling load from fluorescent lights. 13



COOLING LOAD CALCULATION
METHODS



Cooling load calculation methods

Dynamic responses and thermal mass makes cooling load calculations
much more complex than heating load calculations

There are many methods of estimating peak cooling loads

— They vary in complexity, accuracy, computational time, and requirements for
input details

Common cooling load calculation methods:
— Transfer Function (TF)
— Total Equivalent Temperature Difference (TETD)
— Cooling Load Temperature Difference / Cooling Load Factor (CLTD/CLF)
— Radiant Time-Series Method (RTSM)
— Heat Balance Method (HBM)

They all rely on spreadsheets and/or computer programs



Components of cooling loads

 External loads
— Heat gain from exterior roofs, walls, floors,

— Solar heat gain transmitted through fenestration
— Conductive heat gain through fenestration

— Ventilation/infiltration of outdoor air
External |, Internal

- Internal loads gt
— People ~Solar /.—t: \\Ll ghts
— Electric lights P« A
— Equipment and appliances e O IxVentilation
Windows - A’ e _ _ ‘ _;w%: —Appliances
Walls ~wvopave |17 [T

Floor | I;;ople
16



Inputs for all cooling load calculations

Space
iﬁ Cooling Sl)_f(s)taedm
- Load
C‘_‘ 4 _ . a e ' _ v h J
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| E External In:lerntal load, Duct
= Load e_a sensible and Leakage
o | Gains latent
= L] Roof | | People ?__A_“_E_A | Piping
= ~ Load | Heat Gain ~ HeatGain
> [ — I —
<  wall || Lighting .| Valve
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Zoning

Cooling load calculations (and heating load calculations) can be done
room-by-room or zone-by-zone, and summed up for the whole building

I I
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Core zones
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Cooling load calculation methods

Load Estimating Methods

Bt

® ASHRAE Heat
Balance Method

() ASHRAE Transfer Functions

( JASHRAE RTS

() ASHRAE CLTD/CLF

ﬁnstantaneous Q=UATD >

—>
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Heat balance method (HBM)

HBM is based on the law of conservation of energy

— A set of energy balance equations for an enclosed space is solved
simultaneously for unknown surface and air temperatures

Consists of three important energy balance equations:

— Heat balance on exterior surfaces

— Heat balance on interior surfaces

— Heat balance on indoor air

* The energy balance is based on the fundamental heat transfer equations
we already know

Calculations are initiated by hourly outdoor weather data
— Design day meteorological data (or full year, e.g., TMY3)

It is more fundamentally linked than other approaches

— Makes fewer assumptions than the other methods
« But is more complex to solve

— HBM provides the basis for modern energy simulation programs



Heat balance method (HBM)

g

INCIDENT
SOLAR

ABSORBED

OUTDOOR FACE

HEAT BALANCE

\
THROUGH-THE-

WALL CONDUCTION

Lw
IATION
EXCHANGE
WITH OTHER
SURFACES

CONVECTION
TO ZONE AIR

DUPLICATED FOR EACH SURFACE

INFILTRATION
VENTILATION
EXHAUST
AIR

AIR HEAT CONVECTION
FROM
SALANCE INTERNAL
SOURCES
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Heat balance method (HBM): Outside surface heat balance

Shortwave radiation,
including direct,

reflected, and diffuse Conduction

sunlight into wall,
qgko
Longwave radiation e
from the ——— ™

environment

Convective exchange p—

with outside air m

QOutside

Face

22



Heat balance method (HBM): Inside surface heat balance

Wall

Room Shortwave radiation from

Conduction
from
outside, qki

>

solar and internal sources

/ Longwave radiation

«4— exchange with other
surfaces in zone

intermal sources

T Longwave radiation from
Con

vective heat exchange
with zone air
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HBM: Surface energy balance

Exterior surface example: roof .
Once you have this

equation described,
you can do just about

sky anything regarding
Skz;\'gg heat transfer in
% papets i building enclosure
wFoTyy Lir radiation analysis, leading into
Solar (short- i emission full | ner
wave) ‘J = erw T, & u 'Sca e ene gy
radiation, |, 4 | g = modeling
) . e -
(. Reflection ) Canectlonl /_S
2 i \ h (trzl,':1. e -t:u) ,-) t
g surface
i) \ % S v
= alg, = &l | balance at this
‘ Conduction exterior surface:
V= U (e ) What enters must also

leave (no storage)

=0

qsolar + qlongwavemdiation + qconvection o qconduction o4




HBM: Surface energy balance

» Exterior surface example: roof

S0

We can use this equation to estimate
indoor and outdoor surface temperatures
At steady state, net energy balance is zero

t

- Because of T* term, often requires e

iteration

Solar gain
Surface-sky radiation

Convection on external wall

Conduction through wall

sky
Sky (long-
\ wave) lona-
) 'radia:\Ton‘. " ‘,(\/:CS‘)
s e i ion
S S -
wave) it
radiation, |, | < Ta
\'1 Reflecjtlon ) Convecﬁon' C
2 V. { h‘ (t ais -t ‘”) ) t
‘// \“ S // surface
.o ... —.c WD, NP LI et
I Absorptionl 'I
= alg, = gl 1
i | Conduction
O =U(,..t)
tIH
al solar QSw,solar
+e . oF, (Ty —=T!) +q
surface sky \*" sky surf Iw surface—sky
+hconv (Tair - T;"urface ) +qc0nvectl‘0n
_U(T;urface - surface,interior) - O _qconduction = O

25



HBM: Surface energy balance

Similarly, for a vertical surface: q.. +q. +q,  —q. . =0

Exterior

wall
|
8 i al solar
| l ( 4 _ 4 )
So‘jl;‘vsgo“' — 1 | +8surfaceGE?ky ’Z—;‘ky ]-;urface,ext
radiation, I, g ;'ﬁ; 5 % = A : 4 4
) =250, | N ( _ )
5 - ; 4} +8surfaceOF ground Tground 7—:vurface,ext
r’]) TR | % £
Y 27 i 2 F c
=T G eh, (T, - )
=al, 3 8< o — + conv Tazr T;urface,ext
. L _U(T;urface,ext - surface,int) _ O
g? 8 = = 1=
. SR - |
5 T
o \ |
A . "~ |, 3
o .= SN 1
= o5 ~J |
588 ‘;
Ground
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HBM: Combining surface energy balances

« 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

B . 1 .
12 material nodes + 1 indoor air node Heat Xfer @ external surfaces:

Radiation and convection

At surface nodes:
2,4=0

At nodes inside

. 1 2 |3 31 2 |1

materials: 1°1 A ai nod s

dT - 4 o R

— - SO0

m r 4. EQat boundaries .§: ?\”&f}}"'

dt Room &

c e
\ Based on density S

and heat capacity
of material...

_3 interna surface node

F «2 element-inner node

"1 external surface node




Modeling thermal mass: Transient (unsteady) conduction

« Divide material assembly into multiple nodes

28



Modeling thermal mass: Transient (unsteady) conduction

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

N— A C‘ﬁ:hA(TO—T1)+T3_71
| dt ' R
|
T, T.-T,
| CE2 _ hA(T -T,) + L2
| dt - R
T, T T2 T;
SV S Y Dy
A RI A where:
C=r , Ccmm L
- | - kA
| 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



HBM: Indoor air energy balance

« 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/or surface)

dT . . . .
Y, oomPair€ p,air) ch = ZlhiAi (Ti,surf ~1 i ) +me, (Tout ~1 i )

In plain English: : ez s Qrrvac
The change in indoor air Cs

temperature is equal to the :

sum of convection from

each interior surface plus !

outdoor air delivery (by | b b n Rel. |
infiltration or dedicated aParnote <o

outdoor air supply), plus the
bulk convective heat ; Qjnitration
transfer delivered by the st

HVAC system .




Using HBM to calculate peak loads

« Tracking indoor and outdoor temperatures for a simple space:

36.0 -
340 + Outdoor air T Bub
AN 320 + '
2 \ ——
5 { Mean Ar
[ \ — wo *r | Tenp
-9 1 o Indoor mean
e, AF, ‘,’ g 280 1 radiant T
- NS ’ +hr
" S—— e . k ’ \ . M
+ 4 L 24.0 Combined
N\
N | Indoor air T
6 \’\  | 220 + ceed==s MHTwth he
J i & hr
200 T e, I T SV R S R S S S S SV i Separate
— ™ w r~ (] Lo ™ [Te] ~ (e ] > ™
- — — — S ad ~N ~N
Hours
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Fraction of Measured Peak Load

Using HBM to calculate peak loads

« Tracking the cooling load for a simple space:

1.2
1.1 -
1.0 -
0.9 1

0.8 -

0.7 1
0.6
0.5 -
0.4 -
0.3 -
0.2 -

0.1 Fi
0.0 1

+ Measured Data k/)gj%ﬂ\)
E';: T
-~ HBM - Baseline S s
7l
g"‘ : "}}'.

-t~ HBM - Tuned

Max. Load = 3550 W

-0.1

J 1 1 | I ] | |

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00

Time
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Using HBM to calculate peak loads

Setup for more
complex space:

Solar

- e e md ety e el B M gen, -

radiation

Qutward
convective heat

from glass -e—\J"\/"

Glass /

reflection |

O O

Inward convective
heat from glass

/0 O\
T;,
I,
Radiative
exchange
Convective
heat
Reflection
from slab
T4.r
] s N

Inward conduction

4%
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Using HBM to calculate peak loads: Complex

L—
Setup for more
8
— complex space:
- - — o 10 — |
o ll
12
1{2
20 3' 19 i o p Return
v plenum
/ \ :
\
\ ° 6
\ °5
/ o} A\
T 4 /
el Ceiling
Glass
Partition
wall N
> .
ik e 3 Interior node
213|2
1 olo|o |
Furnishings X
Exterior [ =
wall &
204 %S| s
| 4 -
6105 |o 13 =<>
Floor i
- 8
o 9
) S
oll
7 Surface node
- A 35




Notes on estimating cooling loads

* Frequently, a cooling load must be calculated before every
parameter in the conditioned space can be properly or
completely defined

— An example is a cooling load estimate for a new building with many
floors of un-leased spaces where detailed partition requirements,
furnishings, lighting selection and layout cannot be predefined

— Potential tenant modifications once the building is occupied also must
be considered

* The total load estimating process requires proper
engineering judgment that includes a thorough
understanding of heat balance fundamentals



Issues with oversizing

« Since getting an accurate cooling load estimate can be
difficult (or even impossible at an early design stage) some
engineers design conservatively and deliberately oversize
systems

« Qversizing a system is problematic because

— Oversized systems are less efficient, harder to control, and noisier
than properly sized systems

— Oversized systems tend to duty cycle (turn on and off) which reduces
reliability and increases maintenance costs

— Oversized systems take up more space and cost more
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Cooling load calculation methods

Load Estimating Methods

Bt

ASHRAE Heat
Balance Method

ASHRAE Transfer Functions

ASHRAE RTS

ASHRAE CLTD/CLF

ﬁnstantaneous Q=UATD >
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Simpler method: The ASHRAE CLTD/CLF method

* One method of accounting for periodic responses for
conduction and radiation (simpler than others) is the CLTD/
CLF method (it's a mouthful)

« CLTD = cooling load temperature difference [K]

— The temperature difference that gives the same cooling load when
multiplied by UA for a given assembly

— Calculate these AT values for typical constructions and typical
temperature patterns

* Then adjust the conductive load accordingly

=UA(,, - T,,)

Instead of: Qcooling,conduction

You use;

=UA(CLTD,) athour!

Qcooling,conduction



CLTD (°C)

30 __

20 +

10 +

0
0

Qcooling,conduction

CLTD for typical roof materials

i A i i t ) 1) |} ] 4 A '} A A -~
Roof No.1 "
(steel+2-in.insul.) Roof No.4
/' (2-in.h.w.concrete 3 70
/ e Ve +2-in.insul.)
. " 60
\\
. / 60
f —e- 9
/ A /’/1 * e °—
] * \ - T 40
!‘,’ e \ \4" ‘\ i !-Q-
. / / \ \ Q—)]
-, » " - 30
™~ ./ II'\ \—
. "~ Roof No.12
e .~ * (6-inhw.concrete 20
S .'. /ot +2-in.insul.) \\
A T v
10
L\‘\.l\ | | -\I
.\T‘ L "1‘1-\‘\,,-'::‘;'{'.‘74 1 T - v R e e 0
6 12 18 Hour 24

~UA(CLTD,)
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CLTD (°C)

CLTD for typical “heavy” or “massive” walls

40
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30

25

20

15
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. e R E—— — —_ - L 80
“L 'Qcooling,conduction == UA(CLTD ) 70
F 60
- 50
: 40
1.
i West East 30
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? x“x“x—x\x O‘O‘X O XXX X:Z/égé/ ;
;_ D S S ’k*\f:f ﬁx,ﬁmﬁo NN 0—? T a0 o-»E 20
| Wy aom . [ STSEPREDREPRPES S J— ._H
: b B U B B 10

- U P— } ' 0
0 6 12 18 24

h

CLTD (°F)
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CLTD (°C)

40

CLTD for typical “lightweight” walls

T R

1 .....Qcooling,_conduct_ion -t ( - _t)

] 70
(e
<
-]
-
—
O

h

Lightweight walls
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CLTD for typical glazing

(o) ALTO

1 \©
e

14.4

1 10.8
7.2
0

-3.6

(D) ALTO

__2 R N S S S I ———

24

18

12

6

0

Qcooling,conduction = UA(CLTD t)
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ASHRAE CLTD/CLF method

 CLF = cooling load factor [dimensionless]
— Yields the cooling load at hour t as a function of maximum daily load

» Also calculated for common construction materials
« Just look values up in tables

Insteadof: Q  =oal A

solar

You use:

— Qmax (CLE) at hour ¢

Qcooling,radiation t



L = light
M = medium
H = heavy

N = north
E = east

W = west
S = south

Qcooling,mdiation 1

CLF for typical glazing

NL
NM

NI

0.7

0.5

CLF

0.1 4

b H ur ¢
B 3 v . v A
. D 3 Ve
K . F; .
1 . .

B H .~ L
' WA L R AN b
g { -~ A

vvvvv

= 0, (CLE)

o 12
Time of day (h)

vvvvv

NL
NM
NH
EL
EM
EH
SL
SM
SH
WL
WM
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CLF

CLF for typical internal gains

1.0 1
0.9 t
0.8 -
0.7
0.6 +-
0.5
0.4 +<------ Lights on
0.3
0.2
0.1

!

0 6 12 18 24

Time after lights are turned on (h)

& "Heavy"; A "Light" Qcooling,radiation,t = Qmax (CLE) 46



Finding peak cooling load with CLTD/CLF method

To find the peak cooling load you would need to take into
account the magnitude of all individual loads around a peak
time period (typically within about 3 hours)

Typically late afternoon or early evening

Use a spreadsheet tool



ASHRAE CLTD/CLF method

[Sensible loads

3p | 4p'| 5p

Component and | Construc-
orientation _tion type

CLTD,

Walls

Roof

Glazing
conduction

CLF

Q=AXSCXSHGF maxxCLF{

Air exchange

To

QepXepVx(To-T))

(instantaneous)

Internal partitions

Ceiling

AT across partition

Q=UxAXAT
(instantancous)

Floor

Sides

Ducts

Internal gains

gain
funit

CLF,

Q=QxCLF,

Appliances

Fans

Lights

Motors

People

TOTAL SENSIBLE
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CLTD/CLF method applied

Explana!ionl Assump!ionsl Datatables Graphs

Data shown: [i]

35,000
|:| Roof conduction
30,000 |:|Wa|| conduction
- Glass conduction
25,000 [ Jsoasin
- Infiltration
20,000 -"'gh"ngl
- Occupants
15,000
10,000
5,000
0
-5,000
-10,000
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Software tools for load calculations

 These are not done by hand, sometimes by spreadsheet
— Many use ACCA Manual J

 Most use computer programs

 Big list of programs:

— http://apps1.eere.energy.gov/buildings/tools directory/subjects.cfm/
pagename=subjects/pagename menu=whole building analysis/
pagename submenu=load calculation
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Cooling load calculation methods

Load Estimating Methods

Bt

ASHRAE Heat
Balance Method

ASHRAE Transfer Functions

ASHRAE RTS

ASHRAE CLTD/CLF

ﬁnstantaneous Q=UATD >
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