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ABSTRACT

Calculation of design cooling loads is of critical concer
to designers of HVAC systems. The work reported here 
been carried out under a joint ASHRAE/CIBSE resear
project to compare design cooling calculation methods. Th
calculation methods have been tested, the ASHRAE h
balance method and radiant time series method, and the ad
tance method, used in the U.K. The results presented in 
paper show the general trends in over/underprediction of pe
load in the simplified methods compared to the heat balan
method. The performance of the simplified methods
explained in terms of some of the underlying assumptions in
methods and by reference to specific examples.

INTRODUCTION

ASHRAE and its U.K. sister organization, the Chartere
Institution of Building Services Engineers (CIBSE), hav
published methods for calculating design cooling and heat
loads in their handbooks for many years. Each organizat
working largely independently, has developed a somew
different approach to design cooling load calculation proc
dures. There is increasing internationalization of the constr
tion industry, and in the longer term, both the efficiency a
the reputation of the HVAC industry worldwide would b
improved if common methods of performing key desig
calculations were adopted. The aim of the work reported h
has been to compare the results obtained with the diffe
methods and to explain the differences in these results in te
of the underlying assumptions of the methods.

At present, both ASHRAE and CIBSE are reevaluatin
and revising their load calculation procedures. In addition, 
Comité Européen de Normalisation (CEN), the standar
making organization that includes all the major countries
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Western Europe, including the U.K., is in the process of dev
oping a standard approach to load calculations. The draft C
standard takes the form of a specification consisting of a se
heat balance equations and a set of qualification tests ag
which particular computer codes can be evaluated.

ASHRAE has a long history of developing and revisin
load calculation methods. Romine (1992) gives a go
summary through to 1992. At present, ASHRAE recommen
three methods in the ASHRAE Handbook—Fundamentals
(ASHRAE 1997) and the Cooling and Heating Load Calcu
tion Manual (McQuiston and Spitler 1992): the transfer fun
tion method (TFM), the cooling load temperature differenc
solar cooling load/cooling load factor (CLTD/SCL/CLF
method, and the total equivalent temperature difference/ti
averaging (TETD/TA) method. Each method attempts 
approximate the results of the heat balance method, ei
directly or indirectly.

More recently, ASHRAE funded a research project en
tled “Advanced Methods for Calculating Peak Cooling Loa
(RP-875).” The goal of this project has been to replace 
existing methods with two “new” methods: the heat balan
method (Pedersen, Fisher, and Liesen 1997) and the rad
time series method (Spitler, Fisher, and Pedersen 1997). 
heat balance method is the most fundamental of all design l
calculation methods and may be the method most understa
able by practicing engineers, as it closely follows physic
processes and has a minimum of mathematical abstract
However, it does require the solution of several simultaneo
equations. The second method, the radiant time series met
is intended to be simpler from a calculation standpoint a
builds on the concepts of the TFM and TETD/TA method.

CIBSE is currently in the process of revising the sectio
of its Guide Book A (CIBSE 1986) that relate to load calcula
tion procedures (Holmes and Wilson 1996). In the curre
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CIBSE Guide, two load calculation methods are describe
These are the environmental temperature nodal meth
which deals with steady-state loads, and the admitta
method, which deals with fluctuating loads. A number 
models of differing complexities are proposed in the dr
revision. Two dynamic methods are proposed, one based 
detailed reference model and another based on a simpl
model (which is, in fact, the admittance method). The ref
ence model consists of a performance specification, alo
with a list of features that must be included. Particular mo
equations or calculation methods are not specified, althoug
is difficult to see how the requirements could be met other th
by a method based on explicit heat balances. To date, no pu
domain design cooling load calculation computer codes h
been developed that comply with the CIBSE draft standard
appears then that ASHRAE and CIBSE are adopting sim
approaches.

This paper describes the work carried out under a pro
jointly funded by ASHRAE and CIBSE, “Comparison o
Load Calculation Procedures” (ASHRAE RP-942). In th
project, comparisons have been made between the peak 
ing load predictions of the new ASHRAE heat balance meth
(Pedersen, Fisher, and Liesen 1997) and two simplified me
ods, the ASHRAE radiant time series (RTS) method (Spit
Fisher, and Pedersen 1997) and one implementation of
admittance method (Danter 1983). The calculation proced
along with full descriptions of the parameters, e.g., constr
tion properties, is described in a companion paper (Spitler 
Rees 1998). A systematic comparison of the predictions of
methods, along with an analysis of the sensitivity of the va
ous parameters, is given here. The causes of the variation
predictions between the different methods are identified a
explained in terms of the approximations made in the sim
fied methods.

THE CALCULATION METHODS

Three design cooling load calculation methods have b
compared in this work. These are the heat balance (H
method, the radiant time series (RTS) method, and the ad
tance method. The main features of the three methods
summarized below. (A systematic comparison of the meth
is given in Spitler, Davies, and Rees 1998.)

The heat balance method involves the solution of h
balance equations for each of the outside and inside z
surfaces, along with the zone air. This approach is simila
that of existing load and energy calculation codes, such
TARP (Walton 1983) and BLAST (1986). Radiant an
convective heat exchanges are treated separately at both in
and outside surfaces, with interior radiant exchange be
calculated using the mean radiant temperature/balance a
rithm of Walton (1980). Transient conduction through th
zone fabric is dealt with using conduction transfer function
The two simpler methods combine radiant and convective h
transfer into a single equivalent resistance.
2
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The radiant time series method uses a two-stage calc
tion procedure. First, convective and radiant heat gains 
calculated for each hour assuming a constant zone air tem
ature. Second, the resulting cooling loads are calculated. 
method models exterior convection, long-wave radiation, a
absorbed solar radiation using a sol-air temperature 
combined, constant, radiant/convective surface conductan
Transient conduction is calculated using a series of respo
factors that are used with the hourly outside sol-air tempe
tures and a fixed zone air temperature as their boundary co
tions. The radiant heat gains are converted to cooling lo
using a set of zone response factors (the so-called radiant 
series) that define how much of the radiant load at a particu
hour becomes a cooling load on the zone air at future hou

In contrast to the U.S. cooling load calculation proc
dures, the admittance method (Danter 1960; Loudon 19
relies in its derivation on analytical techniques that assume
boundary conditions (outdoor temperature, solar radiati
etc.) fluctuate sinusoidally within a period of 24 hour
Accordingly, the admittance method is a two-stage calculat
procedure in which the mean and fluctuating components
the loads and temperatures are calculated separately. 
mean components are calculated using the CIBSE simplif
steady-state model that is defined by a three-node ther
network. The admittance procedure defines how the fluctu
ing components of the loads and temperature differences
calculated.

Whereas the U.S. methods generally use the zone
temperature node as the point at which internal surfaces
convectively coupled, the admittance method relies on 
concept of environmental temperature, which is used to ca
late the combined radiant and convective heat exchange 
the room surfaces. The concept of environmental tempera
is similar to that of the sol-air temperature used to define ex
nal surface heat transfer in that a combined radiant a
convective conductance is used. All the zone surfaces 
linked to a common environmental temperature node at wh
a heat balance is calculated. The derivation of the environm
tal temperature model has, in fact, been criticized since
introduction (e.g., Davies 1992). In the admittance meth
transient conductive heat transfer through the wall is mode
with a frequency-response derived decrement factor and t
lag. Although the derivation is based on frequency respo
and a sinusoidal driving function with a 24-hour period, t
decrement factor and time lag are used in the same way a
decrement factor and time lag were used in the total equiva
temperature difference/time averaging (TETD/TA) metho
(ASHRAE 1993).

The heat balance method, being the most detailed of
three methods and being based, to a great extent, on fu
mental physical principles, has been used as a reference m
in this work, against which the two simplified models hav
been compared.
74::#+530;:8,
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IMPLEMENTATION OF THE CALCULATION 
METHODS

In choosing the computer implementations to use in t
comparison exercise, only implementations that were read
available and where there was access to the source code 
considered. Carrying out the large number of runs necess
for the study also made it a requirement that the implemen
tion be easily adapted to run from standard input files. Fort
90 implementations of the heat balance and RTS meth
produced for the RP-875 (Pedersen, Fisher, and Liesen 1
Spitler, Fisher, and Pedersen 1997) project were used. In 
one executable runs both the heat balance and RTS metho
turn from the same input data file.

There are a number of commercial implementations
the admittance method, but there is only one well-known co
in the public domain: BRE-ADMIT (Bloomfield). This is a se
of programs written in BASIC that provide a user interfac
generate solar data, calculate admittances, etc., from fa
thermal properties and perform the actual load/temperat
calculation. The latter program (BRECALC) has been adap
to run from file input and send output to a file. The calculati
of cooling loads in BRE-ADMIT is set out by Danter (1983
and Harrington-Lynn (1974a, 1974b). It should be noted th
the BRE-ADMIT code deviates from the admittance meth
as defined in the CIBSE Guide, particularly with respect to the
calculation of solar gains (this is discussed further in Spitl
Davies, and Rees 1998).

The CIBSE Guide Book A (CIBSE 1986) prescribes two
methods of calculating solar gains using the admittance meth

1. If an overheating calculation1 is required, the total incident
radiation is divided into its mean and fluctuating comp
nents. A solar gain factor and an alternating solar gain fac
then multiply the mean and fluctuating components. The
factors are constant and are defined for energy transfe
both the air and environmental temperature points. T
solar gain is then given by multiplying the glazing area 
the incident irradiation by the appropriate solar gain fact
The alternating component is shifted in time by a lag as
ciated with the alternating solar gain factor. These solar g
factors are tabulated in the Guide for various window/blind
types in heavy and lightweight buildings located in Londo

2. If a peak cooling load is required, then tabulated loads 
to solar gains in either a typical heavyweight or lightweig
zone are given in Section A9 of the Guide. These tabulated
loads have been calculated using what is otherwise 
admittance model but with a detailed model of solar tran
mission through and absorption by glazing. This is done 
various latitudes and window/shading combinations. T
exact calculation method is described in Holmes a
Wilson 1996.

1. The Admittance Method was originally developed for calculatio
of internal temperatures in unconditioned buildings. In this ca
zone temperatures may float freely.
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The BRE-ADMIT implementation of the admittance
method deviates from the procedure defined in the guide
that it uses the solargain factors in the calculation of zone co
ing loads, as well as floating internal temperatures.

In the admittance method, internal gains are norma
added as loads at the environmental temperature node. 
implies that the internal gain is two-thirds radiant and on
third convective. The BRE-ADMIT code, however, attemp
to deal with this in a more exact way by allowing the user
specify the radiant-convective split of all internal gains. The
gains are then apportioned to the air and environmen
temperature points accordingly. It can be argued, howev
that the radiant portion of the internal gains should intera
with the thermal mass of the zone as determined by the z
surface factors and the associated time lags.

PREPARATION OF THE TEST DATA

The computer implementations of the three load calcu
tion procedures inevitably have different input data requi
ments. Simplified methods generally require a less detai
description of the building and loads in their input data. O
possible source of difference in the results of the load cal
lations could be different interpretations of the building zo
definitions in the input data to each code. Some variables in
building model may be under the control of the user in o
method while being out of the user's control in another imp
mentation. In preparing the test data for each of the calcula
method implementations, the aim has been to ensure tha
data normally under the control of the user are consist
between the methods.

In the case of the fundamental properties of the buildi
fabric and the zone geometry, the automatic input file gen
ation methodology set out in a companion paper (Spitler a
Rees 1998) ensures a high degree of quality control over
input data. Input data quality control is also helped by the f
that the heat balance and RTS implementations use the s
input file. The principle adopted in the case of other mod
variables is that where the variable is intended to be an in
to the model, values equivalent to those in the other meth
are chosen. Where no user control is intended (although s
may be possible by customizing the input files) the defa
value built into the implementation has been accept
Specific details of how different input data were treated a
given in Appendix A.

PARAMETRIC TEST RESULTS

The aim of the parametric study was to make comparis
between the peak load predictions of the calculation meth
over a wide range of building zone types, first to identify a
general trends in the load predictions and also to iden
sensitivity to particular parameters. Each test zone in the st
was characterized by a set of 23 parameters. These defin
zone size, notional orientation/position in a building, fabr
construction, windows, internal loads, internal thermal ma
and weather day. Further details of the parameters and z
construction, along with the methods used to compile the in

n
se,
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TABLE 1  
A Summary of the Zone Constructions (Listed by Layer from Outside to Inside)

for the Four Test Cases of the Main Parametric Study

Fabric Element Lightweight US Mediumweight UK Mediumweight Heavyweight

External wall Cedar wood planks,
air gap, plywood
insulation,
vapor barrier,
plaster board, and skim

Facing brick
(92 mm / 3.625 in.),
air gap,
gypsum sheathing,
insulation (R-19),
gypsum wall board

Facing brick
(75 mm / 3 in.),
air gap,
insulation,
concrete block,
plaster

Facing brick
(100 mm / 4 in.),
air gap,
insulation,
solid concrete block,
plaster

Internal wall Gypsum wall board,
insulation,
gypsum wall board

Gypsum wall board,
insulation,
gypsum wall board

Gypsum wall board,
insulation,
gypsum wall board

Plaster,
concrete block
(100 mm / 4 in.),
plaster

Floor and ceiling Gypsum wall board,
air gap, pine

Steel pan,
cast concrete
(100 mm / 4 in.),
air gap,
insulated floor tile,
carpet tile

Ceiling tile,
ceiling air space,
cast concrete
(200 mm / 8 in.),
screed,
vinyl tiles

Ceiling tile,
ceiling air space,
cast concrete
(200 mm / 8 in.),
screed,
vinyl tiles

Roof Membrane,
insulation,
steel pan,
ceiling air space,
ceiling tile

Membrane,
insulation,
steel pan,
ceiling air space,
ceiling tile

Stone chippings,
felt and membrane,
insulation,
cast concrete
(150 mm /6 in.)

Stone chippings,
felt and membrane,
insulation,
cast concrete
(150 mm /6 in.)
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data and run the calculations, are discussed a companion p
(Spitler and Rees 1998).

It is not feasible to run a set of calculations where eve
possible parameter level permutation is used—that wo
require many millions of calculations. To identify gener
trends in the calculation comparisons, we have, howev
defined limited sets of test cases (1,296 test cases in each
in which most parameters are varied over the full range fo
particular zone construction. These test case sets are referr
below as “fully populated.”2 The extremes in building therma
mass are represented by two sets of test cases based o
lightweight and heavyweight fabric types, as shown in Table

To evaluate the performance of the calculation metho
with constructions in between the extremes of thermal ma
two further sets of test cases have been used. The z
construction in these two sets of test cases is intended t
typical of U.S. and U.K. mediumweight commercial offic

2. The parametric studies exist in a multi-dimensional space, w
each dimension corresponding to a single parameter. The pa
eters may be varied in a number of different ways. For purpo
of describing the ways in which the parameters might be var
for any particular set of test cases, an analogy to a two-dim
sional matrix is utilized. A “fully populated” set would represen
all combinations of the levels of each parameter. A “spars
populated” set would represent a test set where only a sin
parameter is varied at a time. A “min-max” test set would inclu
all combinations of the extreme values of each parameter—
two-dimensional form, the analogous matrix would be populat
only at the corners. 
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buildings. The U.K. mediumweight construction that has be
defined is slightly heavier than that for the U.S.

The zone construction parameters for each of the four 
sets are shown in Table 1. The fabric properties correspond
to the particular construction type and parameter level 
given in detail in the companion paper (Spitler and Re
1998). Each of the other parameters defining the test case
are either set at one level or varied over a range, as define
Table 2.

To illustrate the trends in the peak cooling load pred
tions for each of the test sets, peak cooling loads given by
RTS and admittance methods have been shown plotted ag
the heat balance method prediction for each case. In this w
predictions by the simplified methods that are in exact agr
ment with the heat balance method are shown by a point ly
on the diagonal line in the graphs—points above the line rep
sent overprediction of the peak load. The results for the lig
weight, heavyweight, and both mediumweight test case s
are shown in Figures 1 through 4.

The errors for the peak load predictions for the simplifie
methods relative to the heat balance method for these c
have also been analyzed numerically. The mean errors in p
load along with the minimum and maximum errors (i.e., wo
cases of under- and overprediction) are listed in Table 3.

The results for the RTS method for the four test case s
show similar trends. The vast bulk of the RTS predicted pe
loads are greater than the corresponding heat balance me
predictions. A small amount of peak load underprediction
shown in the densely populated moderate load regions of
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en-
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ed
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ittance
Figure 1 Peak load comparisons for the lightweight “fully populated” test case set. RTS method (left) and adm
method (right) vs. the heat balance method. 
7

ft) and
Figure 2 Peak load comparisons for the U.S. mediumweight “fully populated” test case set. RTS method (le
admittance method (right) vs. the heat balance method.
ft) and
Figure 3 Peak load comparisons for the U.K. mediumweight “fully populated” test case set. RTS method (le
admittance method (right) vs. the heat balance method.
4::#+530;:8, 5
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graphs for a limited number of test cases. The RTS met
could be said to perform better for the lightweight and U
mediumweight test cases (see Table 2) as the mean erro
the maximum errors are lower for these test case sets. The
more of a tendency for the RTS method to overpredict the p
load in the cases with high cooling loads.

There is a greater variation in results for the admittan
method calculations over the four test case sets. For the li
weight and the U.S. mediumweight cases, the admitta
method results show general underprediction of the loads 
are spread in a wider band than the corresponding RTS me
results. Higher load cases for the lightweight zones sh
correspondingly high degrees of underprediction. The adm

TABLE 2  
The Parameter Ranges Used in

the Main Parametric Study

Parameter No. of 
Levels

Parameter Levels

Room Level 2 m, t (middle and top floors)

Zone Number 9 1 - 9 (all zone orientations)

Window Type 2 Types 1 & 2 (single & double 
glazed)

Aspect Ratio 3 0.5, 1.0, 2.0

Weather Day 2 0, 4 (London and Phoenix, June 21)

Load Schedule 2 1, 5 (on all day, stepped schedule)

% Glazing 3 10%, 50%, 90%

Thermal Mass 1 Type 1 (25% floor area, pine)

Infiltration (ACH) 1 1.0 Air Change per Hour (ACH)

People 1 10 per 100m2 (10 per 1076 ft2) 

Equipment 1 30 W/m2 (9.51 Btu/h⋅ft2)

Lighting 1 20 W/m2 (6.34 Btu/h⋅ft2)
6
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tance method results for the U.K. mediumweight and hea
weight test case sets show a rather different trend, with m
of the results showing overprediction of the peak load. Th
heavier weight test cases show a mean overprediction of p
load.

One way of illustrating the extremities of the performan
envelope of the calculation methods is to use a series of t
using only the maximum and minimum values of the para
eters. This has been done for a test series with 2,048 cases
the results are plotted for the RTS and admittance met
together in Figure 5. At higher loads, certain clusters of res
can be seen, representing similar parameter combination
many cases it can be said that the admittance method un
predicts the peak load in situations where the RTS met
overpredicts the load. 

So far, only the peak cooling loads have been compa
The time of occurrence of the peak cooling loads is also

Figure 5 Peak load comparisons for 2,048 “min-max”
cases where only minimum and maximu
values of the parameters are used to define t
test cases.
Figure 4 Peak load comparisons for the heavyweight “fully populated” test case set. RTS method (left) and adm
method (right) vs. the heat balance method.
74::#+530;:8,
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TABLE 3  
Summary of the Percent Errors in Peak Load Prediction 

for the Simplified Methods for the Parametric Test Care Sets

Parametric
Test Case Set

RTS Method BRE-ADMIT

Mean Min. Max. Mean Min. Max.

Lightweight 3.55 −0.79 28.32 −8.03 −31.51 8.13

US Mediumweight 2.60 −2.83 29.32 −7.59 −30.49 9.36

UK Mediumweight 6.61 −0.08 43.36 3.51 −12.48 35.96

Heavyweight 5.06 −0.78 37.56 1.38 −13.76 35.58

Min-Max 6.94 −6.45 43.94 −4.96 −39.73 28.76
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interest. The simplified methods in general compared re
tively well to the heat balance method in predicting the time
occurrence of the peak cooling load. While space in this pa
precludes a more detailed analysis, as an example, the tim
peak load occurrence were compared for the 2,048 “min-m
cases. Table 4 summarizes the results in terms of a time
between the time of peak cooling load occurrence for the h
balance method and the time of peak cooling load occurre
for the RTS and admittance methods. A negative time lag in
cates that the peak cooling load for the simplified meth
occurred before the heat balance method; a positive time
indicates that the peak occurred after the heat balance met
The numbers in the columns indicate the number of times t
a particular time lag occurred for the method. As can be s
in Table 4, there were very few instances where the differe
in time of occurrence of peak cooling loads was more than o
hour. Considering that the methods only predict to the nea
hour, a one-hour difference cannot be seen as very signific

PARAMETER SENSITIVITY

In order to analyze the trends in peak load prediction
the calculation methods in more detail and to check the se
tivity to particular parameters, a second series of parame
tests were made. These test cases have been termed “sp
tests in that the parameter matrix is sparsely populated. In 
type of test zone, base cases are defined that are typical o
lightweight, U.S. mediumweight, U.K. mediumweight, an
heavyweight classifications used previously. Additional te

TABLE 4  
Comparison of Time of Peak Cooling Load

Occurrence for 2,048 “Min-Max” Cases

Time Lag (Hours) RTS Admittance

−3 6

−2 2 130

−1 174 599

0 1761 1309

1 111 4
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cases were generated by changing one parameter of the 
case at a time through a number of levels (giving 95 tests
each set). The parameter levels of the base cases are giv
Table 5.

The results of this parameter sensitivity study have be
presented graphically and by tabulating the range in the p
load percentage error when a particular parameter is va
over its full range. For example, if the RTS method overp
dicts the peak load by between 5% and 23% when a sin
parameter is varied, the range in percentage error is t
23% - 5%, or 18%. The range of the percentage error
given for each parameter, calculation method, and sparse
case series in Table 6.

Results from the sparse test case series show the s
general trends as the main parametric studies. The R
method results always show an overprediction of peak lo
The admittance method results show underprediction in 
lighter weight cases and better agreement with the h
balance method (but still underpredicting) in the heav
weight cases.

Nearly all the parameters show a range in the percent
error of less than 2% in the RTS method results (Table 6). T
parameters that cause the error to change by more than 2%
the RTS method are the zone size, aspect ratio, percen
glazing, and load schedule. Zone size and aspect ratio
interrelated parameters in that both have the effect of chang
the wall and window area in relation to the floor area. T
effects of changing zone size and aspect ratio are show
Figure 6.

The results from the parameter sensitivity tests for t
BRE-ADMIT code show more sensitivity than the RT
method for nearly all parameters. Sensitivity to the load sch
ule and weather day is quite marked, as illustrated in Figu
7 and 8, respectively. The lightweight cases show particu
sensitivity to increases in percentage glazing. This is illu
trated in Figure 8. Some sensitivity to floor type is also evide
in Table 6 (as in the RTS method results but to a lesser exte
7
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TABLE 5  
The Parameters for the Base Cases in the Parameter Sensitivity Study

Parameter Lightweight US Mediumweight UK Mediumweight Heavyweight

Zone Size 6 × 6 × 3 m
19.7 × 19.7 × 9.8 ft

6 × 6 × 3 m
19.7 × 19.7 × 9.8 ft

6 × 6 × 3 m
19.7 × 19.7 × 9.8 ft

6 × 6 × 3 m
19.7 × 19.7 × 9.8 ft

Zone Level Top Top Top Top

Zone Orientation South facing South facing South facing South facing

Glazed Area 10% 10% 10% 10%

People 10 per 100m2

10 per 1076 ft2
10 per 100m2

10 per 1076 ft2
10 per 100m2

10 per 1076 ft2
10 per 100m2

10 per 1076 ft2

Lighting 20 W/m2

6.34 Btu/h⋅ft2
20 W/m2

6.34 Btu/h⋅ft2
20 W/m2

6.34 Btu/h⋅ft2
20 W/m2

6.34 Btu/h⋅ft2

Equipment 30 W/m2

9.51 Btu/h⋅ft2
30 W/m2

9.51 Btu/h⋅ft2
30 W/m2

9.51 Btu/h⋅ft2
30 W/m2

9.51 Btu/h⋅ft2

Infiltration 1.0 each 1.0 each 1.0 each 1.0 each

External Wall Type Cedar wood planks, air 
gap, plywood, insulation, 
vapor barrier, plaster 
board & skim

Facing brick (92 mm/3.625 in.), 
air gap, gypsum sheathing, 
insulation (R-19), gypsum 
wall board

Facing brick (75 mm/3 in.), 
air gap, insulation, concrete 
block, plaster

Facing brick (100 mm/4 in.), 
air gap, insulation, solid 
concrete block, plaster

Internal Wall Type Gypsum wall board 
insulation, gypsum wall 
board

Gypsum wall board 
insulation, gypsum wall 
board

Gypsum wall board 
insulation, gypsum wall 
board

Plaster, concrete block
(100 mm/4 in.) plaster

Floor & Ceiling 
Type

Gypsum wall board, air 
gap, pine

Steel pan, cast concrete 
100 mm/4 in.) air gap, 
insulated floor tile, 
carpet tile

Ceiling tile, ceiling air space, 
cast concrete (200 mm/8 in.), 
screed, vinyl tiles

Ceiling tile, ceiling air space, 
cast concrete (200 mm/8 in.), 
screed, vinyl tile

Roof type Membrane, insulation, 
steel pan, ceiling air 
space, ceiling tile

Membrane, insulation, steel 
pan, ceiling air space, ceiling 
tile

Stone chippings, felt & 
membrane, insulation, cast 
concrete (150 mm /6 in.)

Stone chippings, felt & 
membrane, insulation, cast 
concrete (150 mm /6 in.)

Window Type Double glazed Double glazed Double glazed Double glazed

Thermal Mass Type 25% floor area,
pine (25 mm/1 in.)

25% floor area,
pine (25 mm/1 in.)

25% floor area,
pine (25 mm/1 in.)

25% floor area,
pine (25 mm/1 in.)

Load Schedule On 8 am - 5 pm On 8 am - 5 pm On 8 am - 5 pm On 8 am - 5 pm

Weather Day London Phoenix London London

Aspect Ratio 1.0 1.0 1.0 1.0
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ANALYSIS OF THE ADMITTANCE METHOD 
PERFORMANCE

In order to study the ability of the simplified models t
model particular aspects of building heat transfer, a serie
special test cases were constructed. In each test case, onl
heat transfer path or type of heat gain is exercised to facili
the diagnosis of particular weaknesses of the models. For
BRE-ADMIT implementation of the admittance method, th
showed that two mechanisms appear to be responsible fo
general underprediction of peak loads—the simplified way
which solar gains through glazing are calculated and the tr
ment of the radiant components of internal gains.
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The sky models of the heat balance/RTS implemen
tion—as noted in Appendix A—give slightly higher inciden
solar irradiances than those of the BRE-ADMIT code. Th
may account for approximately 2% of the difference betwe
the results for the particular weather days used. Howe
there are several reasons why the modeling of solar gains in
BRE-ADMIT code may cause greater discrepancies in 
peak load predictions when compared to the heat bala
method. The significance of solar gains in the errors of 
admittance method calculations can be illustrated by cons
ering the zones with the greatest errors in load prediction fr
the heavyweight and lightweight test sets. Figure 9 sho
calculations for these zones with different amounts of glazi
74::#+530;:8,
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ts. (Note

s in the
Figure 7 The effects of changing load schedule in the lightweight (left) and heavyweight (right) sparse test case se
suppressed zeroes.)
es.
Figure 8 The effects of changing weather day (left) and percent glazing (right) for the lightweight sparse test cas
Figure 6 The effects of changing zone size (left) and changing zone aspect ratio (right) for both simplified method
sparse U.K. mediumweight tests. (Note suppressed zeroes.)
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TABLE 6  
The Percentage Error Range for Each Parameter and Sparse Test Case Set

Parameter Lightweight US Mediumweight UK Mediumweight Heavyweight

RTS Admit. RTS Admit. RTS Admit. RTS Admit.

Zone Size 1.44 1.30 1.24 2.25 5.14 3.56 5.37 2.05

Aspect Ratio 0.35 0.71 0.61 0.75 3.38 5.12 2.83 0.81

Zone Orientation 0.76 3.19 0.71 4.04 1.90 2.42 1.40 1.35

% Glazing 0.93 6.46 0.2 1.68 3.83 0.82 2.39 0.25

Persons 0.28 0.24 0.3 1.25 0.11 0.64 0.25 0.66

Lighting Load 0.57 0.89 0.61 3.27 0.61 0.72 0.58 1.47

Equipment Load 0.41 3.76 0.36 1.04 1.19 1.91 0.11 2.74

Infiltration 0.01 1.20 0.45 3.35 1.03 1.13 0.43 0.87

External Wall Type 0.83 1.69 0.56 1.23 1.16 2.06 1.03 1.41

Internal Wall Type 1.08 0.72 1.08 0.72 1.08 0.72 1.08 0.72

Roof Type 0.96 0.25 0.96 0.25 0.96 0.25 0.96 0.25

Floor Type 1.95 5.11 1.13 2.63 1.43 3.88 1.44 2.63

Window Type 1.50 2.70 0.08 0.94 1.81 3.73 1.64 4.94

Thermal Mass 0.17 1.44 0.12 1.25 0.25 4.54 0.64 0.94

Load Schedule 2.42 10.98 1.21 6.88 0.81 6.34 2.43 7.49

Weather Day 0.75 10.11 0.55 7.81 1.47 8.6 0.72 9.37
ad
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The solar gain factors used in the BRE-ADMIT imple
mentation of the admittance method define the proportion
the mean and fluctuating part of the incident solar irradiat
that becomes a load at the environmental point of the mo
Solar gain factors are tabulated in the CIBSE Guide (1986)
and have been derived for southwest-facing light- and hea
weight rooms in a London location for various window/sha
combinations. This method of calculating the load due 
transmission and absorption of solar radiation through 
glazing can be seen to be simplistic for the following reaso
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• The proportion of solar irradiation that becomes a lo
in the room is assumed to be fixed so no account
taken of the effect of different angles of incidence of t
solar beam either at each hour of the day or at differ
latitudes. (The latter problem could be addressed 
CIBSE publishing solar gain factor data for a range 
latitudes other than London.)

• The response of a building zone to transmitted a
absorbed solar irradiation depends heavily on its th
mal mass. Relying on only two sets of factors deriv
ft) and
Figure 9 The response to increasing amounts of glazing for the admittance method worst-case lightweight (le
heayweight (right) zones.
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 (right)
for a typical lightweight and a typical heavyweight zon
means that zones of different construction cannot 
adequately represented.

• The solar gain factors in the CIBSE Guide (1986) have
been calculated for southwest-facing windows. At th
peak hour, the factors define the proportions of the me
and fluctuating parts of the solar gains. The incide
solar irradiation on south-facing surfaces differs som
what from that on east- and west-facing surfaces wh
averaged over 24 hours (see Figure A-1). The same f
tors applied to windows exposed to solar irradiatio
from other directions will not, therefore, produce th
correct peak load.

The second reason identified for the general underpred
tion of peak loads by the admittance method is due to the tr
ment of the radiant component of internal gains. T
convective component of internal gains appears instan
neously as a system load when the system load is calculat
the air temperature node. (Tests have confirmed that all 
implementations model this feature correctly.) The radia
component of internal loads, however, interacts with the zo
thermal mass. The radiation is absorbed at the inter
surfaces and subsequently is released to the room air
convection. In the implementation of the admittance meth
tested here, the radiant energy is redistributed in time but o
by changing the average value of the internal gain. The in
action between the radiant energy from internal sources 
the fabric is modeled simplistically. This is illustrated i
Figure 10, which shows the response of typical light- a
heavyweight zones to an internal, 50% radiant, heat gain. 
admittance method results show no interaction between 
radiant heat gain and the zone thermal mass, resulting in
underprediction of the peak load for both lightweight an
heavyweight cases.
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ANALYSIS OF THE RTS METHOD PERFORMANCE

This section attempts to answer why the RTS method
can be readily observed above, overpredicts a signific
amount for some cases. First of all, review of the cases
which the RTS method significantly overpredicts indicat
that the cases all have a high percentage of single-pane e
rior glazing. Although it might appear that the overpredictio
is caused by the window model, both the heat balance and 
methods use the same window model. Indeed, it turns out 
the overprediction is caused by the transmitted solar radiat
but in perhaps a less obvious manner.

The RTS method overpredicts when two conditions occ
simultaneously: a large radiative heat gain is present and
envelope has a high thermal conductance. These condit
are met for exterior zones with large amounts of single-pa
glazing and large radiative heat gains caused by the trans
sion of solar radiation through the glazing. However, t
phenomenon can be also be demonstrated by putting a 
large lighting heat gain on a space with exterior walls made 
of a single layer of opaque glass, for example.

When the first condition is met, the large radiative he
gain raises the interior surface temperatures of the zone e
lope. When the second condition is also met, a signific
amount of energy is conducted back through the exter
surfaces, even though the zone air temperature rem
constant. The heat balance method correctly reflects this tr
fer of energy as the interior surface temperatures, exte
surface temperatures, and conductive fluxes are solved sim
taneously. The RTS method, however, cannot account for
heat gains being reconducted out of the space.

To demonstrate this phenomenon, the worst case from
heavyweight parametric cases described above was chos
a base case. This zone is a mid-floor, northeast corner z
with 90% of the exterior wall area consisting of single-pa
glass. The design weather/solar conditions are based
London, 21st of June. (Other parameter levels are as show
Table 4 for the heavyweight column.) Because of the nor
Figure 10 The response to stepped internal loads with 50% radiant component for lightweight (left) and heavyweight
internal zones.
11
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and east-facing windows, the zone cooling load peaks e
(hour 10) in the day, as shown in Figure 11. For this case,
RTS procedure is overpredicting the peak cooling load 
about 37%.

Although this phenomenon might be demonstrated in
number of ways, the following approach has been used. S
the discrepancy is caused by the RTS method failing to mo
the heat flow back out through the windows, a set of ca
where the heat flow is reduced by changing the therm
conductivity of the glass in the window has been creat
Changing the thermal conductivity of the glass is somew
artificial, but the expected result is that, as the thermal cond
tivity of the glass is reduced, the amount of heat flow o
through the glass should be reduced, and the peak cooling
predicted by the RTS method should approach the peak c
ing load predicted by the heat balance method.

Eight test cases were analyzed, with therm
conductivities for glass ranging from the original valu
of 0.9 W/m⋅K (0.52 Btu/h⋅ft2⋅°F) down to 0.0001 W/m⋅K
(0.00006 Btu/h⋅ft2⋅°F). Combined with the glass pane thick
ness of 6 mm (0.24 in.), the thermal resistance for the g
only ranged from 0.0067 m2⋅K/W (0.038 ft2⋅h/Btu) all the
way to 60 m2⋅K/W (341 ft2⋅h/Btu). The ratio of the RTS
prediction of the peak cooling load to the heat balan
prediction of the peak cooling load is plotted in Figure 1
As can be seen in Figure 12, the overprediction decrea
considerably as the glass thermal resistance increases an
heat flow back out of the glass decreases. The hourly coo
loads for both methods with a glass resistance of 6 m2⋅K/W
(34 ft2⋅h/Btu) is plotted in Figure 13.

Although we shall not do so here, another demonstrat
of this phenomenon can be made with low thermal resista
opaque walls and a very high lighting heat gain.

It may be noted that the same problem arises in the tra
fer function method and is addressed by the factor “Fc”

3

(ASHRAE 1993). Additional investigation would be require
to determine if the use of this correction factor or a simi
correction factor would be beneficial. Arguably, adding to
many additional calculation steps can make a simplifi
procedure into a detailed procedure.

Figure 11 Worst case overprediction by RTS method.
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CONCLUSIONS

Design-day cooling load calculations have been ma
using the heat balance, radiant time series, and admitta
methods for more than 7,000 different combinations of zo
type, internal loading, and weather day. From the results
these parametric tests, the following can be concluded:

3. The factor Fc is described on page 26.32 under the “Space 
Transfer Function section.” The reader should not be confused
the placement of the section. The correction is applied directly
the cooling loads before they are used as an input to the spac
transfer function. The correction factor appears heuristic—
basis is given for the correction factor or the coefficient 0.0116 2

K/W (0.2 ft2h⋅°F/Btu). In fact, the units given for the correction
factor are dimensionally inconsistent with the rest of the equati

Figure 13 Reduced overprediction for case with
artificially high glass thermal resistance.

Figure 12 Effect of changing glass thermal resistance
on overprediction by RTS procedure.
74::#+530;:8,
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• The RTS method is generally “well behaved” as 
design cooling load calculation tool, in that for the larg
majority of test cases it overpredicts rather than und
predicts the peak cooling load.

• For test cases dominated by large internal loads or la
solar loads in zones with high thermal conductance (e
large amounts of single-pane glazing), the RTS meth
can significantly overpredict peak cooling loads.

• The principal reason for overprediction of peak coolin
loads in the RTS method appears to be the treatmen
solar radiation transmitted into the zone and the radi
component of internal loads. The treatment of radia
loads by the use of radiant time series coefficients do
not allow any of this component of the load to be co
ducted out of the zone.

• The BRE-ADMIT implementation of the admittance
method tends to underpredict lighter weight zone cooli
loads, and it overpredict loads for heavyweight zones.

• The principal reason for the large range in errors for t
admittance method appears to be due mainly to the p
treatment of solar gains from the reliance on solar gain f
tors in the BRE-ADMIT implementation of the method.

• A tendency to underpredict loads is introduced into t
admittance method by the treatment of the radiant co
ponent of internal loads in that the interaction of th
component of the load with the thermal storage of t
fabric is only crudely represented. The effects of inte
nal loads with a radiant component on peak cooling lo
are underestimated in both lightweight and heavyweig
test cases.

The admittance method is structurally different from th
two ASHRAE methods, and, therefore, the difference can
be totally harmonized. However, some submodels used by
three methods could be harmonized. In particular, there
scope for harmonization of approaches to modeling solar ir
diation (sky models), treatment of solar gains (windo
models, and convective heat transfer (convection coeffici
models).

The heat balance method could be said to represent
state of the art in design cooling load calculation metho
Both CIBSE and CEN propose the specification of “refe
ence” calculation methods with degrees of modeling det
and sophistication similar to those of the heat balance meth
Accordingly, there is much greater scope for harmonizati
between the new CIBSE and CEN methods and the ASHR
heat balance method. It will be possible to extend the comp
isons reported here to the CIBSE and CEN methods, o
implementations become available.
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APPENDIX A: FURTHER TEST DATA DETAILS

Convection Coefficients

The admittance method uses surface resistances in
representation of radiant and convective heat transfer fr
building surfaces. Surface resistances appear as compon
of the admittance and conductance for each surface as we
the outside resistances appearing in the sol-air tempera
calculation. Surface resistance in the admittance metho
defined as:

where ε1 and ε2 are the surface emissivities; Θ is the shape
factor (assumed to be 1.0); hc is the convective heat transfe
coefficient; and hr is the longwave radiative heat transfer coe
ficient. The CIBSE Guide, Section A3, gives suggested value
of surface resistances for high-emissivity surfaces (0.9)
different orientation and external surfaces in different wi
conditions. Surface resistances are user inputs to the B

Rs
1

Θε1ε2hr hc+
--------------------------------=
14
adi-
re.

n of
-

e

-
.
n-

 the
om
ents
ll as
ture
d is

r
f-
s
 of
nd
RE

implementation of the admittance procedure, and so we h
sought to use resistances that are nominally equivalen
those used in the HB/RTS methods rather than introd
differences in load predictions by using default CIBSE valu

The surface resistances suggested by the Section A
the CIBSE Guide are shown in Table A-1 along with the
implied convective heat transfer coefficient. The outsi
convection coefficient model used by the HB/RTS metho
gives coefficients that are a function of temperature diff
ences and wind speed and direction. The values given in T
A-1 are average values given by this model for the wind sp
of 3.6 m/s (8.1 mph) used in this project (the equivalent surf
resistances have all been calculated on the basis of a radi
coefficient of 5.7 W⋅m-2⋅K-1 or 1.0 Btu/h⋅ft2).

Internal Loads

The BRE-ADMIT implementation of the admittanc
procedure has a simpler representation of internal loads t
the HB/RTS methods. In the case of the HB/RTS impleme
tations, persons, lighting, and equipment can be schedu
separately for each hour and have a different radiant/conv
tive split defined. In the case of the BRE-ADMIT code, on
one type of internal load can be scheduled with a constant r
ant/convective split. To define an approximately equivale
load to that represented in the HB/RTS code, the three l
types have been aggregated at each hour and the equiv
radiant/convective split at hour 15 precalculated (by the pa
metric generation tool) for use in the BRE-ADMIT input dat
This procedure is probably the best that any normal user co
do to represent the given loads.

Solar Gain Factors

The BRE-ADMIT code, as has been already note
requires the definition of a solar gain factor, alternating so
TABLE A-1  
A Comparison of the Default Convective Heat Transfer Coefficients and 

Surface Resistances Used by the CIBSE and ASHRAE Calculation Methods

Source Surface Surface Resistance
m2 K/W (ft 2 h⋅°F/Btu)

Heat Transfer Coefficient
W/m2 K (Btu/h ⋅ft 2⋅°F)

CIBSE Walls 0.12 (0.68) 2.793 (0.492)

Internal Values Ceilings/Floors (upflow) 0.1 (0.57) 4.460 (0.785)

Ceilings/Floors (downflow) 0.14 (0.80) 1.603 (0.282)

CIBSE Walls (normal exposure) 0.06 (0.34) 11.13 (1.960)

External Values Roofs (normal exposure) 0.04 (0.23) 19.46 (3.427)

ASHRAE-HB/RTS Walls 0.098 (0.56) 4.680 (0.824)

Internal Values Roof/Ceiling 0.147 (0.84) 1.250 (0.220)

Floors 0.101 (0.57) 4.370 (0.770)

ASHRAE-HB/RTS Walls (3.6 m/s wind) 0.079 (0.45) 7.072 (1.246)

External Values Roofs (3.6 m/s wind) 0.075 (0.43) 7.738 (1.363)
74::#+530;:8,
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gain factor and a time lag to determine solar gains. Alternat
solar gain factors depends on the response of the zone, and
values are tabulated for each window type in the CIBS
Guide: a high figure for lighter weight zones with respons
factor4 Rf  ≤ 4 and a low figure for heavier weight zones wit
Rf  ≥ 6. The zone response factor Rf is defined by

where A is the area (m2), Y is the admittance (W/m2⋅K) and U
is the conductance of each surface (W/m2⋅K), n is the number
of air changes per hour, and V is the room volume (m3). In the
preparation of the test data, the response factor of every z
has been calculated and the alternating solar gain factor s
either the high value, where Rf ≤ 4, or the low value, where
Rf ≥ 6 (response factors for the actual zones tested were in
range 1.5 - 14). Where the zone response factor fell betw
4 and 6, the alternating solar gain factor was interpola
between the high and low values. (It was found, in fact, tha
the alternating solar gain factor was extrapolated using 
zone response factor beyond the high and low values giv
the peak load prediction could be improved for the lightweig

4. The response factor criteria given in the Guide assume the us
SI units.

Figure A-1 Total solar irradiances given by the heat
balance and BRE-ADMIT sky models for the
London, September 21, weather day.
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test cases. This approach, however, is beyond the strict in
pretation of the method set out in the Guide and was not finally
adopted.) The time lag associated with the alternating so
gain factor was set at either 1 or 2 hours depending on whe
the average surface factor was nearer to 0.8 or 0.5 as sugg
by the Guide.

Internal Thermal Mass

Internal thermal mass (e.g., furnishings) is represented
the HB/RTS methods by defining a separate fabric type a
area that is convectively coupled to the room air node at b
surfaces. Heat transfer into and out of this element is, in fa
treated the same way as any internal partition. BRE-ADM
has no convenient way of representing the effects of inter
thermal mass, and so this parameter has no effect in the ad
tance method results presented. It may be possible in princ
to represent the effects of internal thermal mass by introduc
an additional surface to the zone in the same way as an inte
partition is represented in the admittance method. Howev
there is no obvious way to do this in the BRE-ADMIT code f
the average user, and so this has not been attempted.

Sky Models

The HB/RTS and the BRE-ADMIT codes have their ow
sky models. A potential source of difference in the calculat
peak cooling loads could be the different predicted solar ir
diances given by the different sky models. Compariso
between the total solar irradiances given by each sky mode
the different surfaces and for each of the test weather d
locations have been made. It was found that the predic
magnitude differs in the worst case (London, September 
by the BRE-ADMIT model, being approximately 10% lowe
(see Figure A-1). The BRE-ADMIT model also gives predi
tions in solar irradiance that generally lag behind those of 
HB/RTS model. The data for the London/June 21 and Ph
nix/June 21 weather days used in the parametric te
discussed here, however, differ by only 1% to 2%. Althou
it would have been possible to use exactly equivalent so
irradiance data—by customizing the input files for the BR
ADMIT code—we have not done so, as such an option is 
readily available to the normal user.
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