Low
Energ
Coolin

o
o
&
P
[
]
c
@
L
o
=
©
o)
O
>
@
c
L
=
o
=
©
N
x
)
c
c
<C

Technology Selection

and
Early Design Guidance

Edited by
Nick Barnard
Denice Jaunzens

)
£
=
@©
o))
o
o
w
£
2
0
>
w
=
c
5
=
E
O
(&)
o)
c
@©
n
o))
c
o)
T
om
£
c
el
©
"
)
0
c
@]
&)
>
o
@
c
w
<C
L




IEA Energy Conservation in Buildings and Community Systems Programme

IEA Annex 28 Subtask 2: Design tools for low energy cooling

Technology selection
and
early design guidance

Edited by
Nick Barnard and Denice Jaunzens

This document contains two reports in a series produced by Annex 28
to assist with the design of low energy cooling systems:

Selection guidance for lotw energy cooling technalogies

Early design guidance for low energy cooling technologies

The other reports are:
Review of low energy cooling lechnologies
Detailed design tools for low energy cooling technologies
Case studies of low eneryy cooling technologes

For further information contact:

Nick Barnard Denice Jaunzens

Oscar Faber Applied Research  Building Research Establishment T.td
United Kingdom United Kingdom

Tel: +44 (0320 8784 5784 Tel: +44 (0)1923 664522

Fax: +44 (0)20 8784 5700 Fax: +44 (0)1923 664095



EP56
ISBN 1 86081 458 1

@ Building Research Establishment Ltd 2001
First published 2001

All property rights, including copyright, are investedin the
Operating Agent (BRE) on behalf of the International Energy
Agency for the benefit of the IEA Energy Conservation in
Buildings Annex 28 Participants, provided, however, that the
Participant may reproduce and distribute these teols (or
infarmation contained within them), but shall not publish them
with a view to profit, except as otherwise directed by the
International Energy Agency. In particular, no part of these
tools may be reproduced, stored in a retrieval system or
transmitted by others (ie non-Participants) in any form or
means, electronic, mechanical, photocopying, recarding or
otherwise, without the prior written permission of the
Operating Agent.

Published by
Construction Research
Communications Ltd
by permission of
Building Research
Establishment Ltd

Construction Research Communications

CRC supplies a wide range of building and
construction related information procucts from BRE
and other highly respected organisations.

Contact:

hy post: CRC Ltd
151 Rosebery Avenue
London, ECLR 4GB

by fax: 020 7505 6606
byphone: 020 75056622
bye-mail:  crc@construct.emap.co.uk




Contents

Acknowledgements v

Preface v

Selection guidance for low energy cooling technologies

{IEA Annex 28 Subtask 2 Report 1) 1
Summary 3
Introduction 3
Selection chart 5
Summary sheets 11
Early design guidance for low energy cooling technologies
(IEA Annex 28 Subtask 2 Report 2) 25
Summary 27
Introduction 28
ChapterA The appIicabiIity of evaporative cooling in commercial
office buildings 29
ChapterB Evaporative cooling in office buildings 63
Chapter C  Slab cooling system with water 77
Chapter D Night cooling ventilation in UK commercial buildings 81
Chapter E  Night cooling in residential buildings 89

Chapter F  Ground coupled air systems 95




IEABCS Annex 28 Subtask 2 Design tools for low energy cooling

Disclaimer

The tools and methods developed within this document have undergone
validation within the country of origin to varying degrees. If you have
concerns about the validity of the tools as described, in particular how they
should be adapted to suit your particular modelling package or climatic
conditions, please contact their creators (originators).

The information and tools are presented in good faith but it is the
responsibility ol users to ensure that their use is appropriate and valid for any
particular design investigation. It is for the users to satisfy themselves that any
results obtained from the use of the methods and tools described or
referenced in this document are accurate and applicable to the particular
circumstances under consideration.

Neither the International Energy Agency, nor the Annex participants, nor
the associated funding bodies, nor anyone acting on behalf of these parties:
® makes any warranty or representation, expressed or implied, with respect

to the information (and its subsequent use) contained or referenced in this

document, or
® assumes any liability with respect to the use of, or damages (either directly
or indirectly) resulting from the use of, this information.

By using any of the methods or tools presented, you are deemed to have
accepted these conditions.
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Preface

The International Energy Agency (IEA) was established in 1974 within the
framework of the Organisation for Economic Co-operation and
Development (QECD) to implement an International Energy Programme. A
basic aim of the IEA is to foster co-operation among the twenty-one IEA
Participating Countries to increase energy security through: energy
conservation, the development of alternative energy sources, and energy
research, development and demonstration (RID&D). This is achieved in part
through a programme of collaborative RD&D consisting of forty-two
Implementing Agreements, containing a total of over eighty separate energy
RD&D projects. This publication forms one element of this programme.

The Energy Conservation in Buildings and Community Systems Programme
The IEA sponsors research and development in a number of areas related to
energy. In one of these areas, energy conservation in buitdings, the IEA is
sponsoring various exercises to predict more accurately the energy use of
buildings, including comparison of existing computer programs, building
monitoring, and comparison of calculation methods, as well as studies of air
quality and occupancy. Seventeen countries have elected to participate and
have designated contracting parties to the Implementing Agreement covering
collaborative research in this area. The designation by governments of a
number of private organisations, as well as universities and government
laboratories, as contracting parties, has provided a broader range of expertise
to tackle the projects in the different technology areas than would have been
the case if participation had been restricted to governments, The importance
of associating industry with government-sponsored energy research and
development is recognised in the IEA, and every effort is made to encourage
this trend.

The Executive Committee

QOverall control of the programme is maintained by the Executive Committee
(ExCo) and the Implementation Agreement on Energy Conservation in
Buildings and Community Systemns (B&CS5), which not only monitors existing
projects but also identifies new areas where collaborative effort may be
beneficial. The Executive Committee ensures that all projects fit into a pre-
determined strategy, without unnecessary overlap or duplication but with
effective liaison and communication. The Executive Committee has initiated
the following projects to date (completed Annexes are identified by an
asterisk *):

Load energy determination of buildings*

Ekistics and advanced community energy systems*
Energy conservation in residential buildings”
Glasgow commercial building monitoring*

Air infiltration and ventilation centre

Energy systems and design of communities*

[= NS R S S
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7 Local government energy planning*

8 Inhabitant behaviour with regard to ventilation*

9  Minimum ventilation rates*

1¢ Building HVAC systems simulation®

11 Energy auditing*

12 Windows and fenestration*

13 Energy management in hospitals®

14 Condensation®

15 Energy efficiency in schools*

16 BEMS — 1: User guidance®

17 BEMS — 2: Evaluation and emulation techniques®
18 Demand controlled ventilating systems*

19 Low slope roof systems®

20 Air flow patterns within buildings*

21 Thermal modelling*

22 Energy efficient communities*

23 Multizone air flow modelling (COMIS)*

24 Heat air and moisture transfer in envelopes®

25 Real time HVAC simulation®

26 Energy efficient ventilation of large enclosures®
27 Evaluation and demonstration of domestic ventilation systems
28 Low energy cooling systems

29 Daylighting in buildings

30 Bringing simulation to application

31 Energy related environmental impact of buildings
32 Integral building envelope performance assessment
33 Advanced local energy planning

34 Computer aided fault detection and diagnosis

35 HYBVENT

introduction

Cooling is a significant user of energy in buildings, and its impact as a
contributor to greenhouse gas emissions is enhanced by the fact that these
systems are usually electrically driven. Increasing use of information
technology has led to an increasing demand for cooling in the commercial
buildings sector, with consequent problems for utilities companies.

In response to these issues, the IEA’s Future Building Forum Workshop on
[nnovative Cooling (held in the United Kingdom in 1992) identified a number
of technologies with the potential to reduce energy consumption in the field
of alternative cooling strategies and systems, leading to the establishment of
Annex 28. The emphasis for the project was on passive and hybrid cooling
technologies and strategies. These require close integration of the dynamics
of the building structure with the HVAC systems, and this is precisely the area
in which the B&CS ExCo has established expertise.

Objective

Passtve and hybrid cooling systems will only be taken up in practice if such

systems can be shown to meet certain criteria. The objective of the Annex was

to work towards fulfilling the following requirements.

@ the life cycle costs (including energy, maintenance, etc) of such systems are
less than ‘conventional’ systems;

@ the level of thermal comfort provided is acceptable to the occupants in the
context of their task;
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@ the systems are sufficiently robust to changes in building occupancy and
use;

@ the design concepts for such systems are well defined, and appropriate
levels of guidance are available at all stages of the design process, from
sketch plan to detailed plans;

@ the necessary design tools are available in a form which designers can use in
practice; and

@ the cooling system is shown to integrate with the other systems (eg heating
and ventilation), as well as with the building and control strategy.

Means
The project was subdivided into three subtasks relating to the three phases of
researching and documenting the various cooling strategies.

Subtask 1: Description of cooling strategies

The aim of this subtask was to establish the current state of the technologies in
the participating countries. The findings are detailed in the report: Review of
lozo encrgy cooling technologies. The report also contains national data for
climate, building standards, heat gains, comfort criteria, energy and water
costs for each of the participating countries.

Snbtask 2: Development of design tools

Difterent levels of tool are required throughout the design process. Initially
little detailed data will be available and the emphasis will be on tools using
‘rules of thumb'. When suitable options have been established, approximate
performance data and practical guidance will be needed for early design and
assessment. Finally, when tbe broad principles of the design have been
established, techniques such as simulation modelling can be used for detailed
design and optimisation. To reflect these requirements, three different levels
of tool have been developed by the Annex:

@ Selection guidance for low cneryy cooling technologies (included in this
publication)
This tool provides guidance on the initial selection of suitable low energy
technologies. Paper and software (Visual Basic) versions of the tool have
been produced.

@ Early design guidance for low energy cooling technologies (included in this
publication)
A collection of simplified tools based on design charts and tables, and
practical guidance, to assist with early design development of a technology.

© Detarled design tools for low energy cooling technologres
A report on a collection of tools for use as part of, or in conjunction with,
simulation software.

Subtask 3: Case studies

The third element of the work was to illustrate the various cooling
technologies through demaonstrated case studies. Approximately twenty case
studies have been documented in the Annex report Case studies of low energy
cooling technologies. 'The case studies give feedback on performance and
operation in practice and include design details and monitored performance
data.
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Scope

A number of different technologies have been considered by the Annex. The
table gives an overview of which of the Annex reports have information on
which of the technologies.

Low energy cooling technologies included in Annex reports

Early Detailed
Selection design design Case
Technology Review guidance guidance tools studies

Night cooling (natural

ventilation} v v v v v
Night cooling {(mechanical

ventilation) v v v v v
Slab cooling (air) v v v

Slab cooling (water} v v v v v
Evaporative cooling (direct

and indirect) v v v v v
Desiccant + evaporative

caoling v v v v
Chilled ceilings/beams v v v
Displacement ventilation v v v v
Ground cooling (air) v v v v v
Aquifer v v v v
Sea/river/lake water cooling v v

Participation

The participating countries in this task are Canada, Germany, Finland, France,
The Netherlands, Portugal, Sweden, Switzerland, the United Kingdom and
the United States of America. The funding groups for each country are given
below.

Canada Buildings Group
CANMET- Energy Technology Branch, NRCan
580 Booth 5t
Ottawa, Ontario
K1A0E4

Heat Management Technologies

Energy Diversification Research Laboratory
1615, Montée Ste-Julie

CP 4800

Varennes, Québec

J3X 186

Germany Bundesministerium fiir Bildung Technologie und
Forschung (BMBE)
Postfach 200240
Bonn, Germany

Finland Technology Development Centre
PO Box 69
Fin - 00101 Helsinki



IEABCS Annex 28 Subtask 2 Design tools for low energy cooling ix

France

The Netherlands

Portugal

Sweden

Switzerland

United Kingdom

United States of America

Agence de'environnement et de la maitrise de
I'énergie

Fédération nationale du bitiment

Ministére de I'équipement - Plan Construction
Architecture

Centre scientifique et technique du batiment

Ecole des mines de Paris

Gaz de France

Costic

Novem BV
Swentiboldstraat 21
PO Box 17

6130 AA Sittard

Center for Energy Conservation
Praceta a Estrada de Alfragide
Alfragide

2700 Amadora

Department of Mechanical Engineering
University of Porto

R Bragas

4099 PORTO Codex

Swedish Council for Building Research
PO Box 12866
SE - 11298 Stockholm

Swiss Federal Office of Energy
CH-3003 Berne

British Gas

EA Technology

Gardiner & Theobald

Haden Young/Balfour Beatty Building

MEPC Investments

Oscar Faber

Ove Arup

Department of the Environment, Transport and
the Regions

Building Research Establishment Ltd

Office of Building Technologies
US Department of Energy

1001 Independence Avenue
Washington DC 20585
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Selection guidance
for low energy cooling
technologies

Contents

Summary

Introduction

Selection chart
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Example

Summary sheets

Night cooling (natural ventilation)

Night cooling {mechanical ventilation)
Slab cooling {air)

Slab cooling {water)

Evaporative cooling (direct and indirect)
Desiccant and evaporative cooling
Chilled ceilings/beams

Displacement ventilation

Ground cooling (air)

Aquifer 21
Sea/river/lake water cooling 22
Further reading 23

A software version of this tool has also been produced.

For further informaton contact:

Nick Barnard Denice Jaunzens

Oscar Faber Applied Research  Building Research Establishment Ltd
United Kingdom United Kingdom

Tel: +44 (0) 20 8784 5784 Tel: +44 (0) 1923 664522

Fax: -+44 (0) 20 8784 5700 Fax: +44 (0) 1923 664095
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Summary

The aim of Annex 28 is to investigate the feasibility of, and provide design
tools and guidance on, the application of alternative cooling strategies to
buildings. Qutputs from the Annex include a review of the technologies, early
design guidance, detailed design tools and case study descriptions. The aim of
this report is to assist with the initial selection of suitable low energy cooling
technologies or comhinations oftechnologies.

The report is based on a Selection Chart to help to identify which of the
technologies are likely to be suitable for a particular application on the basis of
key building parameters. This is supported by Summary Sheets for each ofthe
technologies giving a brief description and key information. These can be
used to refine the selection of technologies for further consideration.

The scope is limited to the technologies included in the Annex. The report
should not be used in isolation as the sole means of selecting a technology, but
as a means of focusing on a few technologies which are likely to he suitable
and should be considered in more detail. The selection criteria are based on
broad parameters and the way in which they will influence decisions in the
majority of cases. Other parameters may be important in specific cases and
there may be exceptions in the way the parameters included influence
decisions. This will need to be assessed by the designer for each particular
design.

The information provided reflects the state of the technologies in a country
or countries participating in the Annex and should not he taken as
representative of the situation on a world-wide basis.

Introduction

The aim of this report is to assist with the initial selection of suitable low
energy cooling technologies. The guidance is given in the form of a Selection
Chart (page 6) to help to identify which of the technologies are likely to be
suitable for a particular application. The chart is hased on feasibility (F) and
suitability (S) ratings which reflect the impact of key building parameters on
each of the technologies. Feasibility ratings are used to indicate if the use of a
technology can generally be ruled out by a certain parameter. Suitability
ratings indicate whether a parameter is likely to have a positive or negative
effect on the performance or appropriateness of a technology. The chart is
supported by Summary Sheets for each of the technologies, giving a brief
description and key information. These can be used to refine the selection of
technologies for further consideration,

To use the chart:

1 Highlight the parameters and associated ratings {see example on page 10},
Notes are provided for each of the input parameters to help you to decide
whether they are applicable or not.

2 FEliminate technologies that are not feasible, ie those with a =F rating.

3 Add the suitahility (+S, -S) ratings for the remaining technologies to give
an overall rating. A positive rating is favourable and a negative rating
unfavourable. No rating implies no significant impact. The net S rating will
give an indication of the suitability of a techuology for the application:
positive = high suitability, none or zero = medium suitability,
negative = low suitability.

Daytime natural and mechanical ventilation are included in the chartas a
lower bound to indicate where no specific cooling provision (low energy or
otherwise) is required. Mechanical cooling (refrigerant compression) is
included as an upper bound. No summary sheets are provided for these
technologies.

It should be noted that the parameters and ratings in the cbart consider
selection primarily from a technical viewpoint. Other parameters such as cost
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will also need to be taken into account to refine the selection. Typical cost
indicators and other key information are included on the subsequent
summary sheets to assist selection of options from those which are technically
suitable. The costs are given relative to a conventional heating, ventilation and
air conditioning (HVAC) system and include all HVAC costs:

e ~50%

& %
@

@ 2 -15%

It is emphasised that these are only indicative for use in an initial assessment.
Costs can vary considerably from application to application and specific costs
should be assessed as soon as possible.

The summary sheets provide a brief description of each technology as an
introduction. Common applications are noted together with rule-of-thumb
performance data and spatial requirements. A check zone lists favourable and
unfavourable factors for a given application, and aims and requirements for
the design. One common aim for low energy cooling which precedes
consideration of a cooling technology is the minimisation of heat gains*.

An important consideration is use of the technologies in combination to
meet greater cooling loads or to reduce energy consumption, cost, etc.
Common combination options are noted on the summary sheets.
Technologies will generally work well together where they provide cooling in
different ways. An example of this is ground cooling by air, which precools
supply air, in combination with night cooling, which provides cooling via cool
exposed surfaces in the space. Combinations are also possible where the
technologies perform a different function in the cooling process. For example,
ground cooling by water can provide cool water for use by chilled ceilings/
beams.

More details on the technologies are available in I[EA Annex 28 Report
Review of low energy cooling technologies.

*It shouid be emphasised that a prerequisite of low energy cooling is minimisation of heat gains to the space.
Measures which should be considered to achieve this aim include suitable building orieatation and form, solar
shading, optimisation of glazing areas with regard to natural light versus solar heat gain, control of artificial
lighting, and localised extract from heat sources. Documents providing guidance on these issues are listed under
Further reading.



Selection chart:
template and example
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Selection chart template

Steps: — .
i \c y - = —
1 Delclcn(m-dppllt_al‘)]cpammetcrh. 8 g
2 Determine rating of each technology: =5 5
negative F = low feasibility £ ElE El®
noF, negative S = low suitability =S|y & | = -
- . L =l =2|= - | @ =11}
noF.zero/mo S = medium suitability S1Z|E|= 2185 E
- L . . = = =
noF, positive S = high suitability E|5|>|2 Elel.]58 S
=i>|=|5 =21].2 = = 5
=l 2= | wm|® Sl =
81 8|2|738 5125|825 5|
l2lslEgl~2|=8lslE S 5|5
I E |- < L= | o =
m|l=lElEls5l=z2|8]E]5] » z| o
alels = @l =1a = =t
AHEEEHMHHEHEEREE
- = - -
HEHEHEEHEE R EEHENEE
= =[=[E2]= =
=lzlzld]ale|e|ElS5|28]l 2|55
c|E[E[2|2|8|8(g|giB|z2|B|LE|z]=s
2155l lsla el &lsl=(5] 2135k
stz 2 2= |=s|s|s|E12| 2[5 sle
Zla|lalz|z|a |@[aja|0ja|o|<|a|=
=1)]
=}
- —
N
I &
nput parameters %
(see notes and maps) =
Temperature Hot mluw|eflae]s w|w v
Warm wlw]|w| =
Lry]
cool g e ¢ 7
Humidity Humid R v
Semi - humid
Dry <
Noisy/Polluted air w .
Ground pollution .
Residential e e v w | w
Retrofit A &
Limited floor/ceiling height o tn @
Deep plan/cellular space . .
Heavyweight wle|e |2
Limited solar protection/High solar gains wla|lw|lelvlwol|ls n wlele|e
High internal gains wlwl|lalw|w{n|» v wlo|e|e
Close temperature control sloe|lesfle|le e |wlewln|a]l v @
Close humidity control (T [P S A e P R A R v
Note I:  Applications limited by availability of low cost heat source.

Note2:  Geographic restrictions re presence of aguifer.

Note 3 Geographie restrictions re location near seafriver/lake.

Neted:  Natural ventilation is particularly suited to residential applications due to Jow cost.

Note3:  Applies to hollow core systems. Other upproaches suitable for retrofitting are under development.

Naote 6:  Appliesto ground cooling systems installed under buildings, In some applications it may be possible to install the system beneath adjacent ground.
Note 7 Notapplicable if system already installed for heating,

Note 8:  Use of slab conling — water requires cxposure of the slab and so the space will be heavyweight.
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Notes for input parameters

Input parameters
(also see temperature and
humidity maps)

Temperature Hot SDT® > 28°C and SNT® > 20°C.

Warm SDT® > 28°C and SNT!® < 20°C,

Cool SDT® < 28°C anvd SNTI® < 20°C (2 UK).
Humidity Humid MC! > 0,014 kgkg.

Semi - humid MC! < 0.014 kg/kg and WBD!2 < 8 K (eg UK).

Dry MC!! <0.014 kg/kg and WBD2 > 8 K.
Noisy/Polluted air Relative to desired internal environment.
Ground pollution Eg Radm.
Residential Less stringent comfort criteria likely to apply, smaller scale of development.
Retrofit Space restrictions probable.
Limited floor/ceiling height m mmj& of natural ventilation and displacament ventitation
Deep plan/cellular space Dl:pﬁl redwm cﬁ’ecthas of naturat vmon( 7 5 m for si e
Heavyweight r. ' |

Limited solar protection/High solar gains

High internal gains Internal dcagngams ﬁtmocatpm‘ls+eqm;mmt+hghung> 30W/m?.
Close temperature control Eg design criteria 22+/-2°C,
Close humidity control Eg design criteyia 40-70 %RH.

Note®:  SDTis the sunuuer peak design temperature (C).

Note 10: SNT is the summer night minimum design temperature corresponding o summer peak design temperature (°C).

Note 11; MC is the simmer design moisture content (kpfkp dry sirh

Note 12: WBID is the wet bulb depression, the difterence between the summer design ambient dry and wet bulb temperitures
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Temperature maps

This map is based on ASHRAE 0.4% annual temperature data. It
has been produced to provide initial guidance only and contains
sorme simplifications — a specific assessment will need to be
made by the designer for the particular location. Refer to
Selection Chart for zone classifications.

Note: Night minimum design temperature taken as day peak
design temperature — mean daily range.

This mapis based on ASHRAE 0.4% annual humidity data. It has
been praduced to provide initial guidance onty and contains
some simplifications — a specific assessment will need to be
made by the designer for the particular location. Refer to
Selection Chart for zone classifications.

European temperature map
Summer temperature zones

European humidity map
Summer humidity zones

-

&3
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This map is based on ASHRAE 0.4% annual temperature data. It
has been produced to provide initial guidance only and contains
some simplifications — a specific assessment wili need to be
made by the designer for the particular location. Refer to
Selection Chart for zone classifications.

Note: Night minimum design temperature taken as day peak
design temperature — mean daily range.

This map is based on ASHRAE 0.4% annual humidity data. It has
been produced to provide initial guidance only and contains
some simplifications — a specific assessment will need to be
made by the designer for the particular location. Refer to
Selection Chart for zone classifications.

North American temperature map
Summer temperature zones
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North American humidity map
Summer humidity zones
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Selection chart example

A new commercial development ia the UK PN —
in 4 noisy urban environment. Construction 5 E
will be heavyweight plan. Reasonable solar — = 5
protection will be provided but internal heat | el|=E = ~gn
gains will be ~35 W/mZ. Close temperature/ 2|8 § &= -
humidity control is not required. g el = S g 2
Z|8lelS 2|9 o =
x = L = = > W e Q
Steps: ZlPl=s] = - Eat
R H s teenhle M . 8= == | | ® = | = —
1 Highlight applicable parameters: cool S| S|121%¢ 5125 S|z = gl
climate, semi-humid climate, ZIEI8lelT|& sl elE 5= = B
. . . . o T | = - a 3 o o ¢l - ol) 3 2>
noisy/polluted air, heavyweight, high a [5|S]|wel= =888 =] .5 ol 3
internal gains. :..'.’n = E E|lE(2| 2 ol|l+ = 5 "g = =
2 ldemify technologies with highlighted =) E slgletis|lsl=lels E Sla =2
T . . - slole|c|EB|8|ls|le|l=lh]|¥]E
feasibility (-F) ratings; daytime — g ElE[2]1212818]|8 Slo |8 e|&|.2 e
. . A N — = —_— —_ - [ =
natural ventilation, night cooling ,.S E’w S '§n '§n E E § P E % E g. E ié
(natural).  |alalz|lZ]len | |lwalola|lO|<]lwn]|
3 Add highlighted suitahility (+8, -8) =
ratings for remaining technologies. a0
=
S lslel= e 4 IE| ¥
Input parameters o
(see notes and maps) =
Temperature Hot e le e | w v ow L
Warm il B ARG
SALIAS A A, VLA AL A VY
Coo 77///4(%//47/// ///
‘ U2 0 A L Al
Humidity Humid o v
: - 77 WVV/VVVV// /// 77
Semi - humid UADULUL DU UL UL
Dry w | v
: . AN ’/ /’ / LV / XN
NoyPollaetar LU UU YL LLU L
Ground pollution -
Residential v w w w| @
Retrofit (A ) &
Limited floor/ceiling height v w w
Deep plan/cellular space = =
- 7 9 3 r Y/ ” V 7
VAL LU DDA LU U,
Heavyweight U450 4 U AU LU
Limited solar protection/High solar gains wlolw|vwjw|lvw]|a P wlole|e
oh i T A A 7%
High internal gains NN r//%/ 1777 /%/// ,%/ 574
Closc temperature control P T O O S N A R A %
Close humidity control I PN NS S R P e e A A w
MNote 1: Applications limited by availability of low cost heat source.
Note 2:  Geographic restrictions re presence of aquiler.
MNote 3: Geographic restrictions re location near sewriver/lake.
Note<:  Natural ventilation is particularly suited 1o residential applications due w low cost.
Note 5:  Applies t hollow core systems. Other ipproaches suitable for reerofitting are under development,
Nole i Applies to ground cooling systems installed under buildings. In some applications it may be possible to install the system beneath adjacent ground.
Nowe7: Notapplicable if systiem already installed for heating.
NoteB:  Useof slub cooling — water requires exposure of the skab and so the space will be heavyweight.

et i am
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Night cooling {natural ventilation)
Description
Air flow is introduced into the building at night by opening
windows/vents. Operation of windows/vents can be manual or
autorratic. As the air circulates, it comes into thermal contact 7
with and cools the exposed building tabric in the occupied zone.
The cool exposed surfaces watl offsct heat gains the following

day. :>
Applications

Maost new and retrofit buildings wath low sensible cooling loads,
in particular those with periodic loads such as offices, May be Night: cooling absorbad
unsiitable in cities due to air and noise pollution. Security and

privacy concems could also hinder application, V///,//////////////j

Benefits
- Very low capital and operating cost.

Typical cost indicators (relative to a conventional HVAC system)
Capital
‘9 - Very low, but cost mmay be incurmed in other areas, eg provision
of special shutters/windows/vents, autorrating operation, wind Day: cooling emitted
towers cic
Operation - Energy
‘9 - Very fow
Operation - Maintenance
‘9 - Very low, although some wall be required for autormatic opening devices and additional cleaning may be
needed in urban arcas

Favourable factors Unfavourable factors
- Cool climate - Hot clirmte
- Periodic loads - External noise and air pollution
- Limited floor/ceiling height
- Deep planveellular space
- High heat pains
- Close temperature/lumidity control

Design aims Design requirements
- Cross ventilation air flow - Effective air/fabric thermal linking
- Avoid overcooling - Openable windows or equivalent

- Security and privacy

Performance (cool climate)

Night cooling of heavyweight constructions will offset in the region of 20 to 30 W/ne of heat gains. Comesponding
internal peak space termperature roductions are of the order of 2 to 3 K- Performance will be reduced for lightweight
constructions with little exposed mass.

Spatial considerations

- Exposed mass.

- Ventilation openings in facade.
- Unobstructed air flow paths.

Combinations with other technologies
- Night cooling (mechanical ventilation) to boost cooling during peak periods.
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Night cooling (mechanical ventilation)

Description

Fans are used to circulate cool ambient air through the building
space overnight. As the air circulates, it conies into thermal contact
with and cools the exposed building fabric tn the ocoupied space,
The cool exposed surfaces will offset heat gains the following day.
(Sec also slab cooling - air where heat transfer takes place between :>
the air and the slab in dedicated air paths to pre-coot the supply air. )

Applications
Most new and retrofit buildings with low sensible cooling loads, in Night: cooling absorbed

particutar those with periodic daily loads such as offices. ) {:}

Benefits
- Low capital and operating costs.

Typical cost indicators (relative to a conventional HYAC systern)
G Capital
- Low
G Operaling - Encrgy Day: cooling emitted
- Low for system (supply + extract) pressure drops < 1000 Pa,
high for pressure drops > 1500 Pa
G Operating - Maintcnance
- Low

Favourable factors Unfavourable factors
- Cool climatc - Hot climate
- Periodic loads - High hcat gains
- Close temperature/humidity control

Design aims Design requirements
- Minimise fan pressure drops - Effective air/fabric thermal linking
- Avoid overcooling - Space for ventilation system

Performance (cool clinmtc)

Night cooling of heavyweight constructions will offscet in the region of 20 to 30 W/m? of heat gains. Corresponding
internal peak space temperature reductions are of the order of 2 to 3 K. Performance will be reduced for lightweight
constructions with little exposed mass.

Cooling to fan encrgy ratio is approximately inversely proportional to system (supply -+ extract) pressure drop, and is
typically ~3 @ 1000 Pa.

Spatial considerations

- Exposed mass.

- Ventilation system including fans, distribution ductwork, diffisers, efc.

Combinations with other technologies
- Displacement ventilation to reduce termperatures in the occupied zone.

- One of the following to pre-cool the daytime supply air; ground cooling (air): evaporative cooling (direct
and/or indirect); desiccant -+ evaporative cooling; slab cooling (air).
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Slab cooling (air)
Description
The supply air is passed through dedicated air paths
to bring it into thermal contact with the slab before
entering the occupied space. High rates of air/slab heat
transfer (and therefore charging/discharging of
cooling) can be achieved in a number of ways. One is
to use the cares in the slabs as ducts for the air supply.
During the summer, the cool night air is passed
through the slabs to lower their temperature. This
stored cooling is then released the following day by
using the slabs to pre-cool the supply air. The lower
surface of the: slab is also often exposed to provide
direct heat exchange with the occupied space (see
night cooling - mechanical ventilation).

Applications
New buildings with moderate sensible cooling loads,
in particular those with periodic loads such as offices.
The hotlow core approach is restricted to new applications. (Other approaches suitable for retrofitting are under
development.)

Benefits

- Low capital and operating cost.

Typical cost indicators (relative to a conventional HYAC system)
0 Capital
- Low
0 Operating - Energy
- Low for system pressure drops < 1000 Pa, high for pressure drops > 1500 Pa
0 Operating - Maintenance
- Low

Favourable factors Unfavourable factors
- Cool climate - Hot climate
- Periodic loads - High internal gains
- Close temperature/hurmidity control

Design aims Design requirements
- Minimise system pressure drop - Effective ait/slab thermal linking
- Avoid overcooling at night - Access for cleaning and maintenance of
- Use slab for heat storage in winter atrways
- Space for ventilation system

Performance (cool climate)

Systems can generally keep peak internal space temperature below ambient for heat gains up to ~40 W/ without
exposed lower slab surface, ~60 W/ with an exposed lower slab surface.

Cooling to fan energy ratio is approximately inversely proportional to system (supply + extract) pressure drop, and is
typically ~3 @ 1000 Pa.

Spatial considerations

- Possible increase in slab depth or floor void to incorporate air paths.

- Ventilation system including fans, distribution ductwork, diffusers, etc.
Combinations with other technologies

- Displacement ventilation to reduce temperatures in the occupied zone.
- Night cooling {(mechanical ventilation) to provide space cooling,

- Mechanical cooling to meet peak loads,
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Slab cooling (water)

Description

A pipe network 1s typically embedded in the slab itsclfor in a floating
slab ~70 mm thick and located on the bearing slab. Water is circulated
through the pipework from a cooling source such as a cooling tower or
a heat pump, cte. The cooling is stored in the slabs, Cooling of the
space is via heat transfer from the top or bottom surface of the slab.
The system can atso be used for heating in winter,

Applications

Best suited to new buildings with moderate sensible heat gains. It Cooling
provides sensible cooling only and so is not suitable for climates with sOurce
high humidity.

Benefits

- Low capital and operating costs.

Slab with
embedded
pine network

Tvpical cost indicators (relative to a conventional HVAC system)

¢ Corial

- Similar (low when utilising system for heating as well)
0 Operating - Encrgy

- Low
G Operating - Maintenance

- Low

Favourable factors Unfavourable factors
- Low energry/quality source of cooling - Hot climatc
- Ability o use system for heating in winter - High heat gains
- Close temperature/humidity control

CHECK ZONE

Design aims Design requirements

- Avoidance of condensation problems - Pipework connections accessible

- Surface/air temp, differential <4 K - Effective slab/air thermal linking

- Space for central cooling and distribution
system

Performance
Cooled floors 30 to 40 W/n* with cooling water @ 22°C oceupied space @ 26°C
Cooled ceilings 40 to 50 W/m? with cooling water @ 20°C occupied space @ 26°C

(NB A larger radiant temperature asymmetry is tolerable with cooled ceilings than floors giving a higher cooling
capacity.)

The ratio of cooling produced to energy for generation and distribution will primarily depend on the source of
cooling utilised.

Spatial considerations

- Exposed slab surface.

- Central cooling plant and distribution system including pumps, pipework and cooling source (e cooling towers,
ground cooling - water, sca water cooling, mechanical cooling.)

Combinations with other technologies

- Low energy/quality sources of cooling including cooling towers, aquifer and sea/river/lake water cooling.

- Mechanical cooling, possibly utilising a low cnergy source for condenser cooling, eg aquifer or sea/river/lake water
cooling.

- Displacement ventilation with cooled ceilings to reduce temperatures in the oceupied zone,

- One of the following technologics to pre-cool the supply air; slab cooling (air); ground cooling (air).
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Evaporative cooling (direct and indirect)

Description

Water is evaporated in non-saturated air 10
produce a drop in dry bulb ternperature and
an associated rise in the moisture content.
Direct evaporative cooling is where this takes
place in the supply airstrcam. The indirect
approach cools the exhaust airstream. This air
then sensibly cools the supply air via an
air-to-air heat exchanger (which can also be
used for heat recovery in winter). The two
approaches can be used in isolation or in an
indirect/direct combination.

Applications
New or retrofit buildings with low intemal
gains. (Also usad to pre-cool condenser air.)

Benefits

- Low coaling energy cost.

- Low capital cost.

- High fresh air flow rates give good
ventilation.

Direct evaporative cooling

Indircet cvaporative cooling

Typical cost indicators (relative to a conventional HVAC system)

0 Capital
- Low

. Operating - Energy

- Low, small amount of extra fan and pump power plus water consumption

. Operating - Maintenance

- Simmular

Favourable factors

- Dry climate

Design aims

Unfavourable factors

- Humid climate

- High hcat gains

- Close temperature/humidity control

- Legionella concern although risk limited
by low watcr temperatures

Design requirements

- Heat recovery using heat exchanger to - Space for ventilation system

pre-heat outdoor air in winter

Performance (dry climate)

Direct coolers Subcooling of supply air ~80% of wet bulb depression'
Ratio of cooling delivered to energy for generation and distribution ~7
Water consurnption ~1.3 M of cooling

[ndirect/direct coolers Subcooling of supply air ~120% of wet bulb depression!
Ratio of cooling delivered to energy for generation and distribution ~4

Spatial considerations

Water consumption ~1.5 MJ/1 of cooling

- Ventilation system including fans, evaporators, distribution ductwork, diffuscrs, etc.

Combinations with other technologies

- Night cooling (mechanical ventilation} to provide space cooling.
- Displacement ventilation to reduce temperatures in the occupied zone.

- Mechanical cooling to meet peak loads.

"The wet bulb depression is the difference between the ambient dry and wet bulb temperatures.
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Desiccant and evaporative cooling

Description

Moisture in the supply air is removed by a desiccant
material in the dehumidifier. During dehumidification
heat is released increasing the dry bulb temperature,
The dry bulb temperature is then reduced by heat
exchange with the exhaust air followed by auxiliary
dircct evaporative cooling,

The desiceant can cither be solid or liquid.

Applications Dehumidificr Heat Exchanger
Best suited to new and retrofit buildings where low
cost heat cnergy is available.

Benefits

- Use of alternative energy sources and wastc heat for
regeneration.

- Load management by shifting electrical
consunption to a thermal source.

- Immprovement in TAQ (Indoor Air Quality) for
desiccants which act as bactericides.

Typical cost indicators (relative to a conventional HVAC system)
.‘ Capital
- High
Opcrating - Energy
- Low if waste heat or cheap thenmal source available

Operating - Maintenance
- Similar

o€

Favourable factors Unfavourable factors
- Wastc heat or cheap thermmal source - Close tenperature/humidity control
available - Dry climate

Design aims Design requirements
- Air filters to increase life span of - Space for ventilation system
dehumnidifier - Supply and cxtract airsireams normally
adjacert

Performance

Overall ratios of cooling output to regeneration and ancillary energy input of about 1 ape achievable at present.
Development of advanced desiccant materials and improved cyeles may give ratios above 1.7. (NB These values
should be seen in the context of use of alternative energy sources/waste heat and the low dew point temperatures
which can be achieved.) Performance of auxilliary evaporative cooler will typically be as detailed under evaporative
cooling. Example delivered cooling performance figures for a gas driven unit in a warm semi-humid climate are

gas CoP =2.6, elcctrical CoP=11.6.

Spatial considerations :
- Ventilation system including fans, desiceant device, evaporators, distribution ductwork, diffusers, etc.

Combinations with other technologies

- Night cooling (mechanical ventilation) to provide space cooling

- Displacement ventilation to reduce temperatures in the occupicd zone.

- Evaporative cooling of the reactivation airstream, reducing the requirement for auxiliary cooling but increasing the
amount of heat needed for reactivation,

Specialist Applications

Desiccant cooling with mechanical rather than cvaporative auxiliary cooling is applicable as a low energy cooling option
in specialist applications where low humidity or separate control of temperature and humidity is required cg ice rinks,
supermarkets, ctc.
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Chilled ceilings/beams

Description
The cooling units arc oflen integrated with false ceilings. Cooling
is provided by circulating cool water (~16°C) through the units.

Chilled ceilings have flat panel units which transfer cooling to
the space primarily by radiation. Chilled beams have a morc ’{ l‘ ’_(
open structurc and rcly on convective air movement as the

principle mechanism for heat transfer.

Applications
New and retrofit buildings with medium internal gains.

Chilled ceilings

Benefits

- Can be used in conjunction with a low quality source of cooling
duc to the refatively high cooling water temperature.

- Cooling supplicd within the space limiting the requirernents of
the ventilation system to providing fresh air, so reducing plant and
ductwork space requirements and fan energy consumption.

Typical cost indicators (relative to a conventional HVAC system)
. 4 Capilal

- High Chilled beams
G Operating - Encrgy

- Low
. Operating - Maintenance

- Similar

Favourable factors Unfavourable factors
- Low cnergy/quality source of cooling - Close temperature/hurmidity control

Design aims Design requirements
- Avoidance of condensation problems - Space for cooling elements
- Space for central cooling and distribution
system
Performance
Chilled ceilings ~40 W/n? typically assuming 50% active arca with cooling water @16°C occupied space

@ 26°C
Chilled beams  ~60 W/m? typically with cooling water @16°C occupicd space @ 26°C
The performance of both is approximately proportional to cooling water/occupied space temperature differential.
Output from chilled beams can vary considerably with design.
Overall cooling Cocflicient of Performance (CoP) will be dependent on cooling source selected.

Spatial considerations

- Chilled ceilings/beams.

- Central cooling plant and distribution including purmps, pipework and cooling source (eg cooling towers, ground
cooling - water, sea/river/lake water cooling, mechanical cooling).

Combinations with other technologies

- Displacement ventilation to reduce temperatures in the occupicd zone and to provide fresh air and humidity control
with chilled ceilings. (NB Intcraction of chilled beams with displacement ventilation not established.)

- One of the following technologies to pre-cool the supply air; slab cooling (air); ground cooling (air).

- Low energy/quality sources of cooling including cooling towers, aquifer and sea/river/lake water cooling.

- Mechanical cooling, possibly utilising a low energy source for condenser cooling, g aquifer or sea/river/lake water
cooling.

P N SRS S S SN
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Displacement ventilation
Description

Displacement ventilation is buoyancy driven air
movement rather than forced as is the case for
conventional mixed ventilation systems. Cool air is
gently introduced into the conditioned space at low
level. This spreads slowly across the space, providing .
a source of cool air for convective plumes which form Convective
around local heat sources. The plumes spread out plurme

below the ceiling to form a warm stratified layer from
= ) ‘k <
Supplyl \ > J l Supply

which the air is extracted.

Applications
Most new and retrofit buildings with moderate eooling loads.
Higher cooling loads are often met by using in combination with chilled cetlings,

Bengfits

- Higher air supply/extract temperatures than for conventional mixed systems can reduce cooling energy consumption,

- More cffective removal of contaminants than for conventional mixed systems because removal is direct rather than via
dilution.

Typical cost indicators (relative to a conventional HVAC system)
G Capital

-Low
o Operating - Energy

- Low

. Opcrating - Maintenance
- Similar

Favourable factors Unfavourable factors
- Surface temperature of heat sources >35°C - Close temperature/humidity control
- Strong disturbances to air flows fromeg
movements or downdrafts

Design aims Design requirements
- Supply air temperature >18°C -Large floor to ceiling height required ic
- Space vertical temp. gradient <1.5 K/m >2.7m
- Space for low velocity air terminal devices
at low level

Performance

Capacity limited 10 30 to 40 W/¥ by maximum tolerable vertical temperaturc gradient in the occupied zone.
(NB Higher gains could be met if a significant proportion are at high fcvel out of the occupied zone eg lights.)
Often used in conjunction with chilled ceilings to meet higher cooling loads. In these applications the primary
function of the displacement ventilation is normally to provide fresh air and humidity control.

Displacement air flow systems will typically reduce effective occupicd space temperature by ~1 K (equivalent
to offsetting ~5 W/ of heat gains) in comparison with conventional mixed systems,

Spatial considerations
- Large floor to ceiling height, > 2.7 m
- Low velocity air terminal devices,

Combinations with other technologies

- One of the following to provide space cooling; night cooling (mechanical ventifation); chilled ceilings - interaction
with chilled beams not established; slab cooling (water).

- One of the following to pre-cool the supply air; ground cooling (air); evaporative cooling (direct and/or indirect);
desiccant + evaporative cooling; slab cooling (air); aquifer cooling; sea/river/lake water cooling; mechanical
cooling.
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Description

Outside air is drawn through an
underground piping systemn by the
ventilation plam. Heat transfer from
the ground provides pre-cooling in
the summier and pre-heating in the
winter,

Applications

New mechantcally ventilated buildings
with suitable ground conditions.

Best suited to office buildings with a
moderate cooling demand.

Benefits

Ground cooling (air)

Outside Outside M To ventilation
air i

=> _E”>

plant

'{7£M

Reduces peak demand for cooling and heating. This produces lower encrgy and installation costs for the rest of the

HVAC system.

Typical cost indicators (relative to a conventional HVAC system)

. d Capital

- High (10 low for residential buildings)

G Opcrating - Energy
- Low

G Operating - Maintenance
- Low

Favourable factors

Unfavourable factors

- Ground temperature 12°C or lower - Hot climate
- Located in sand/gravel + below water level - Rocky ground

- Moving ground water

Design aitns
- Insulate the system from building heat gains - Space requirement for piping system
- Minimise piping system pressure drops - Access requirements for maintenance

- Sealing in wet ground

Performance (cool climate)

Peak

- Cooling with ambient air @ 32°C
- Heating with ambicnt air @ -5°C
Seasonal

- Cooling

- Heating

Spatial considerations

- Ground pollution eg radon
- High heat gains
- Close temperatureshumidity control

Design requirements

45 W/m? of ground coupling arca
45 W/m? of ground coupling arca

8-10 kwh/m? of ground coupling arca
10-15 kWh/m? of ground coupling area

- Ground cooling system, typically at 5 m depth, area a function of output as noted vnder performance.

- Access to ground cooling system.

Combinations with other technologies

- Displacerent ventilation to reduce temperatures in the oceupied zone,
- One of the following to provide space cooling; night cooling {mechanical ventiladon); chilled ceilings/beams;

slab cooling (water) - cooled ceiling.
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Aquifer

Description

The basic system consists of two well sets drilled in the sand bed.
Water is purnped from one well set 1o the other in summer with
cooling extracted via a heat exchanger. This cooling can cither be
used directly to cool the space/supply air, or indirectly as condenser
water.

The cycle is reversed in winter with the extracted heat normally used
to wann the ventilation supply air,

VWV
V]

Heat exchanger

Applications

New and retrofit buildings with gross areas in excess of 6,000 my?
with a suitable aquifer between 30 m and 200 m in depth limited by
tight layers of clay or a similar type of soil material.

Benefits
- Low cooling encrgy cost.

Tvpical cost indicators (relative to a conventional HYAC systcm)

. 4 Capital
- High (to similar for small systems)

G Operating - Energy Winter
- Low

. Operating - Maintenance
- Similar

FFavourable factors Unfavourable factors
- Aquifer of sand or limestone bounded by - Hot climate

tight layers of clay or similar soil material - Taxes or restrictions on ground water use
- Climates with a heating and cooling season - Moving ground water compromising

for interseasonal storage interseasonal storage

Design aims Design requirements
- Balance heating and cooling extracted - Cold and warm well sets should be 100 to
150 m apart
- Space for heat exchanger etc

Performance (cool climate)

Cool wells remain between 6 to 10°C, producing cooling water (@ ~12°C in Summer
Warm wells remain between 12 to 22°C, producing heating water 2 ~10°C in Winter
Water extraction typically ~25 I/s per well pair giving a peak capacity of ~800 kW cooling
Seasonal cooling storage per well pair ~1000 kWh/annum

Ratio of cooling produced to energy for generation (not distribution) ~10.

Spatial considerations

- Grround cooling system with cold and warm well sets 100 to 150 m apart, depth typically 30 to 200 m,
size typically 1.5 x 1.5 m, number of wells is a function of output as noted under performance.

- Heat exchanger, circulating pumps, distribution pipework cte.

Combinations with other technologies

- One of the following technologies to use the low quality cooling to directly cool the space; chilled
ceilings/beams; slab cooling (water).

- Displacement ventilation to reduce temperatures in the occupied zone.

- Mcchanical cooling using the low quality cooling water as condenser water.
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Sea/river/lake water cooling

Description
Water is pumped from the depths by an open loop
system and cooling extracted via a heat exchanger.

This cooling can cither be used directly to cool the Eﬂr A Closed loop “w;t'gr

space/supply air, or indircctly as condenser water.

[n winter, warm water retumning to the heat exchanger

can be used to pre-heat incoming fresh air, ANAA . Sca level
L ——VVY NNV

Applications

New and retrofit buildings with moderate cooling Heat exchanger >

loads which are located near sca/river/lake with low
temperatures,

Sea/river/lake water open loop
-

Benefits

- “Free”” cooling can be provided by the cold water
source for most of the year,

- Low operating cost.

Typical cost indicators (relative to a conventional HYAC systen)

. d Capital
- High (but can be lower depending on system size and availability)

0 Operating - Encrgy
- Low

G Operating - Maimenance
- Similar

Favourable factors Unfavourable factors
- Proximity to cold water source - Hot climate
- Great depth required to reach cold water
- Salinity in sca walcr encouraging corrosion
in cquipment

Design aims Design requirements

- Minimise cold water source pumping costs - Space for heat exchanger cte
- Eliminate corrosion and fouling possibilitics

- Compatibility with mechanical cooling

Performance

Eftective direct cooling occurs only when intake temperatures arc below 10°C. Lower intake temperatures nay
not be sulficient however when building cooling loads are high and heat transfer rates are constrained by
pumping capacities. Indirect cooling of condensers in conjunction with mechanical cooling is effective provided
intake temperatures remain below 13°C,

Cathodic protection is often used as a means to impade manine growth and corrosion in equipment.

Spatial considerations
- Heat exchanger, circulating pumps, distribution pipework etc.

Combinations with other technologies

- One of the following technologics to usc the water to directly cool the space; chilled ceilings/beams; slab cooling
(water).

- Mechanical cooling using the cool water as condenser water.

- Displacement ventilation to reduce temperatures in the occupicd zone.
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Summary

The aim of Annex 28 is to investigate the feasibility of, and provide design
tools and guidance on, the application of alternative cooling strategies to
buildings. Outputs from the Annex include a review of the technologies,
design tools and case study descriptions. This report is a compilation of
guidance developed for use during early design. The guidance has been
contributed by the individual member countries participating in the Annex.

The guidance is based on design charts and tables and practical
information. The type of guidance varies hetween the technologies as
appropriate, depending on their type and state of development. For example,
the guidance for night cooling is predominantly design charts and tables as
the equipment and construction techniques used are well established. This is
not the case for a technology like ground cooling (air) for which a
considerable amount of practical guidance has been provided.

The content of the chapters is as follows.

Chapter A The applicability of evaporative cooling in commercial office buildings
Tabulated maximum temperatures, percentage hours undercooled
and electricity consumption (fans and cooling) for 14 system
configurations and 24 climates.

Generated by DOE software.

Chapter B Evaporatrve cooling in office buildings
Tabulated peak temperatures/cooling coil loads under summer
design conditions plus annual energy {heating, cooling and fan)
and water consumptions per annum for French climates Trappes,

Carpentras and Nice.
Generated by COMET thermal saftware.

Chapter C Slab cooling system with water
Charts for estimating the cooling provided in combination with a
cooling tower based on indoor plus outdoor dry and wet bulb
temperatures.

Chapter 1D Night cooling ventilation in UK commercial buildings
Design curves to predict peak temperatures, free cooling provided
and fan energy consumption for south-east UK climate.
Generated by IES FACET software.

Chapter £ Night cooling in residential buildings
Tabulated data to establish minimum solar protection required to
limit peak temperatures for four French climates.
Generated by COMET thermal software.

Chapter F - Ground coupled air systems
Design curves for capacity and sizing of simple systems based on
Detailed Design Tool documented in IEA Annex 28 Subtask 2
Report 3. ‘
Practical installation guidance.
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Introduction

This report is a compilation of guidance for low energy cooling technologies
intended for use during early design. It constitutes part of the output of the
[EA’s project Annex 28 in fulfilling its aim to provide design tools and
guidance on the application of alternative cooling strategies to buildings.
Guidance has also been developed by the Annex to assist with technology
selection prior to early design (Report 1, which is included in this publication).
Detailed design tools have been developed for the detailed design and
simulation. A review of the technologies and case study descriptions have also
been produced (see Preface).

The guidance is hased on design charts and tables and practical
information. The type of guidance varies between the technologies as
appropriate depending on their type and state of development. For example,
the guidance for night cooling is predominantly design charts and tables as
the equipment and construction techniques used are well established. This is
not the case for a technology like ground cooling (air) for which a
considerable amount of practical guidance has been provided.

Where design charts and tables have been provided, the data for these have
generally been generated by simulation using the Detailed Design Tools
documented in Annex 28 Subtask 2 Report 3. In some cases, the data have
been generated only for the climate of the guidance originator. In these cases
it may be that other Annex Participants have produced data for their own
climates.

The tools all contain the following parts:

1 Introduction — a brief description of the technology and the tool

2 Parameters — definition of assumptions made for generating the design
guidance

3 Design charts or tables — the design guidance

Other parts have been added to tools as necessary to cover practical guidance,
references, ete.
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Chapter A The applicability of
evaporative cooling in
commercial office
buildings

Joe Hua
RS
imulationR

S

To determine the applicability of evaporative cooling in commercial office
buildings, computer simulations were done using the DOE-2.1E program(!!
tor various evaporative cooling systems as either stand-alone systems or
precoolers for air-conditioning systems in a range of building conditions and
climate variations. The performance of the evaporative cooling system was
evaluated in terms of both comfort conditions and clectricity use as compared
with a standard air-conditioning system.

The results are presented as a set of tables showing the maximum indoor
temperatures, percentage of annual hours undercooled, and the electricity
consumption for cooling and fans for 14 system configurations (nine stand-
alone, four precooling, and one conventional packaged variable-air-volume
system) and 12 building variations (two levels of internal gains, two thermal
mass conditions, three solar apertures). Twenty-four climate conditions have
been studied, 14 in North America (11 in the US and three in Canada) and ten
in Europe (two in Portugal, three in France, and one each in the UK, The
Netherlands, Switzerland, Germany and Finland),

The intent of the study is to provide guidelines on the general applicability of
evaporative cooling by climate for a range of typical building conditions and
operating conditions, rather than to analyse any particular building or control
strategy in depth. The typical prototype building is a 1858 m? office building of
either two or three floors, modelled as ten zones (five perimeter zones and
one core zone on each floor).

® Solar aperture
Three levels of solar gain are studied:
low (30% window-to-wall ratio, 0.70 shading coefficient),
medium (309 window-to-wall ratio, 1.0 shading coeflicient), and
high (60% window-to-wall ratio, 1.0 shading coefficient).
The windows are modelled as either single or double pane depending on
location.

® Internal gains
Two levels of internal gains are studied:
high (39 W./m? for lights, 11 W/m? for equipment}, and
low (16 W/m? for lights and 5 W/m?” for equipment).
The hourly schedules for lights, electrical equipment, and occupants are
shown in Figure 1.
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Fraction of Peak
E &8 8 § B
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@ Thermal inertia
Two conditions of thermal mass are considered:
high, representing a heavy concrete construction with 30 cm concrete
masonry walls, 20 cm heavy concrete floors, and a floor weight of
636 kg/mQ, and
light representing a light steel-frame construction with 15 em lightweight
walls, 10 em lightweight concrete floors and a floor weight of 150 kg/m?.

® Occupancy and shell thermal integrity

The occupant density and level of thermal integrity of the building have been
varied by location based on government survey data for the US® or
Appendix B of the IEA Annex 28 Subtask 1 report for other countriest™,
These are summarised in Table 1.
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Figure 1 Building internal schedules

Table 1 Occupancy and shell thermal integrity for Annex 28 participating countries

Occupancy ([m?/person] U-value (W/mZ°C) Window
Countries Perimeter Core Wall Roof panes
US Northeast 20 20 0.52 0.33 2
USNorthCentral 35 35 0.40 0.24 2
US South 25 25 0.52-2.30 0.33-0.42 1
US West 33 33 0.47-1.15 0.29-0.57 1
Canada 25 25 0.37 0.26 2
Portugal 10 10 0.60 0.60 2
The Netherlands 10 14 0.30 0.30 2
France 10 10 0.40 0.40 2
Germany 20 10 0.50 0.30 2
UK 10 10 0.60 0.45 2
Switzerland 13 17 0.25 0.20 2
Finland 8 8 0.28 0.22 3
Sweden 10 34 0.30 0.20 3

2.1 Climate variations

Fourteen locations in North America and ten in Europe have been considered

in this study. The 11 US climates include the six categorised previously for
Annex 28 (IEA Subtask 1 report®™), plus two additional locations in the

Midwest, two in the West, and one on the West Coast. The two West climates

{Denver and Albuquerque) have short dry summers for which evaporative
cooling is particularly suited. The three Canadian climates (Halifax, Toronto
and Edmonton) are cool, but with very different levels of bumidity. The

European climates are all cool compared with US climates, but most are semi-

humid or humid, reducing the effectiveness for evaporative cooling. The
general climate statistics for the 24 climates are shown in Table 2. The
locations of the 24 cities are shown in Figure 2.
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Table.2 Climate statistics for selected North American and European locations

Cooling Enthailpy Cooling Enthalpy

degree hours,* hours,, 40" degree hours,,* hoursg 0"
City Climate description (°C) {kJ/(kg°C}) {°C} {kJ/{kg°C)}
North American locations
Minneapolis US 1 (warm/semi-humid) 2540 21341 13106 56 359
New York US 2 (warm/semi-humid) 2570 25698 15942 68 783
Washington US 3 (hot/humid) 4238 42946 22142 93 286
Miami US 4 {very hot/very humid) 11896 144 969 59420 254614
Phoenix US 5 {very hot/dry} 27256 39738 59910 96 329
Los Angeles LS & (mild/semi-humid) 574 8667 7552 64019
Chicago Warm and semi-humid 3390 22140 16 366 60 552
Fort Worth Hot and semi-humid 12176 75416 39240 141 860
Denver Warm and dry 3680 2086 14392 24426
Albugquerque Warm and very dry 6136 8603 22892 38049
SanFrancisco  Cool and semi-humid 194 3065 3782 26 890
Haiifax Canada 5 {cooi/humid) 122 3806 2266 26432
Taronto Canada 1 {cool/semi-humid) 1042 15164 8652 45602
Edmonton Canada 3 (cool/dry) 112 1607 2360 13372
European locations
Porto Partugal 1 1388 13080 10570 74004
Lisban Portugal 1 1936 12287 12122 64 204
Trappes France 2 264 361 2922 20367
Carpentras France 3 2136 9949 11652 43769
Nice France 4 70 18175 9046 64 789
Eelde The Netherlands 148 1829 2464 22811
Kew United Kingdom 34 1746 2382 24218
Zurich Switzerland ) 346 3786 4244 26 968
Frankfurt Germany 654 3151 5684 27573
Helsinki Finland 28 372 1496 13547

* For explanation of climate parameters, see p 64 of Subtask 1 report™
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Figure 2 Representative North American and European climates studied
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2.2 System characteristics

2.2.1 Stand-alone evaporative cooling systems

"This analysis considered three types of stand-alone systems {direct, indirect,
and indirect/direct) of four sizes providing 4, 8, 12 or 16 air changes per hour
{ach) of evaporatively-coocled outdoor air. A schematic drawing of the
evaporative cooling system configured in DOE-2 is shown in Figure 3. The
effectiveness of a direct module is modelled as 0.85 at full-load conditions,
while that of an indirect module is modelled as 0.60 at a wet-bulb temperature
of 26.7 °C. Since the stand-alone units are assumed to have constant-volume
fans, there is no change in effectiveness at part-load conditions, but the
indirect effectiveness varies with the wet-bulh temperature based on the
calculations using the Detailed Design Toolt (also see Figure 4).

To calculate the energy consumed by the evaporative cooling systems, the
following modelling assumptions are used for fan static pressure and
efficiency:

@ direct systems — 100 mm of water, 0.00025 kW/m*/hour
@ indirect systems — 100 mm of water, 0.00068 kW/m*/hour
@ indirect/direct system — 125 mm of water, 0.0010 kW./m*/hour
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Air —r— - - —_—
| , :
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1
,,,,,, 5
Retun Fan

Figure 3 Stand-alone evaporative cooling systems

2.2.2 Evaporative precooling systems

There are many situations where evaporative cooling cannot provide
sufficient cooling to warrant use as a stand-alone system, but it can be used
effectively to precool the supply air and reduce the need for mechanical
cooling. Four evaporative precooling configurations are considered in this
study: indirect with outdoor air as the secondary air, indirect with room
exhaust air as the secondary air, and indirect/direct systems with the same
two secondary air choices.

As with the stand-alone units, the eftectiveness of the direct and indirect
modules is assumed as 0.85 and 0.60 respectively. However, since the systems
have variable-speed fans, their full-load effectiveness increases under part-
load conditions as shown in Figure 4. Both the direct and indirect systems are
assumed to increase the fan static pressure by 12 mm of water, while the
indirect/direct system s assumed to increase it by 25 mm of water.

The mechanical cooling system is assumed to be a packaged variable-air-
volume system identical to the conventional air-conditioning system
described in the following section. No attempt has been made to downsize
the mechanical system since under peak wet-bulb conditions, evaporative
precooling potential is probably very small to nil. Figure 5 is a schematic
drawing ofa standard mechanical cooling system with evaporative
precooling. The drawing shows outside air being used as the secondary air,
but room exhaust air is also considered in the simulations.
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Figure 5 Evaporative precooling systems

2.2.3 Conventional air-conditioning system

The conventional air-conditioning system is modelled as a packaged variable-
air-volume system {PVAVS) similar to those typically installed in small- to
medium-sized office buildings. The PVAVS is modelled using DOE-2 default
values, ie a COP 0f2.78, and a supply fan efficiency of 0.0012 kW/m*/hour.
The DOE-2 program is also used to size the system automatically based on
the building’s cooling load. A schematic representation of the PVAVS is
shown in Figure 6.

2.3 System operation

The HVAC system is assumed to be operated with a typical office schedule
that runs from 07.00 h to 18.00 h on work days, 08.00 to 14.00 h on Saturdays,
and off on Sundays and holidays. When the system is on, heating is set to

21.1 °C and cooling to 25.8 °C. The stand-alone evaporative cooling system is
also operated with the same schedule.
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The results from the DOE-2 simulations are shown in Tables 3 to 26 using a

format sintilar to that developed by ] R Millet in his parallel Annex 28 study

on evaporative cooling in Francel®. Each table gives the results for one

location. The 12 building conditions are shown across the top in order of

increasing cooling loads from a building with low internal gains, low solar

aperture, and high thermal inertia, to one with high internal gains, high solar

aperture, and low thermal inertia. The sub-tables show (from top to hottom):

1 the peak indoor temperatures in the perimeter (per) and core (cor) zones
in°C;

2 the percentage of annual hours where zone temperatures exceeded the
thermostat setting (1% = 87.6 hours); and

3 the total electricity consumed by the fans and cooling system in kWh/m® of
floor area.

The first sub-table indicates the performance of the evaporative cooling
systems under design or peak conditions. The boxes are shaded dark, with
white numbers, if the maximum zone temperatures exceed 34 °C, medium if
they are between 30 °C and 34 °C, and light if they are between 26 °C and
30 °C. If the maximum zone temperature never reached 26 °C, the box is left
white.

The second sub-table indicates the seasonal performance of the
evaporative cooling systems by showing the number of hours when they are
unable to maintain the thermostat settings. The boxes are shaded dark, with
white numbers, if the total number of undercooled hours exceeds 10% or
876 hours, medium if it is between 5 and 10% (438-875 hours), and light if it is
between 1% and 5% (88-438 hours). If the total number of undercooled hours
is below 1% or 88 hours, the box is left white.

The third sub-table indicates the energy savings of the evaporative cooling
systems relative to the reference PVAV system. The row showing total
electricity consumed by the reference system is highlighted with light
shading. The boxes showing the electricity consumed by the various
evaporative cooling or evaporative precooling systems have medium shading
if they exceed that of the reference cooling system, indicating energy
penalties.
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Table 3
Lacation Minneapolis MN
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location perlcor per |cor |par |cor |per [cor per [cor |per cor |per |cor |per |cor per |cor |per [cor
Maximum Indoor Temperatures {C) | + I
direct I_is 27|30 27]%32| 27|¥z0| 28]W31| 28[W33 ___'i_s_q_ H21|Ha3(l31 [ &l
8 ACH |indirect 30| 20[W31] 28|W32| 20(W71| 20]W31[ 20(WE4 B3 IRz | B2 A s
dirfindir 28| 26| 29| 26|Mz1| 26| 29| 27|EE0| 27|Eaz 53 | 50 a2 | o |34 0
direct 28| 27| 29| 27 iao 27| 29| 27 29| 27 i3'1 29]l32| 29|31 20433 M30
12 ACH |indirect 29[ 28|@30( 28|W31| 28|W30| 28|Ws0| 25|Wa2| 20]ME1 3|2 [ExI[ A &5
dirindirect 27| 26] 28] 26] 29| 28] 28] 26] 28] 26[Mz0| 26] 29 28|l31| 2s8|l0 28/§32{ 28
direct 28| 27| 20| 27ilsn| 27( 20| 28] 20| 28{W31| 28] 30| 29 | 29] _i_s_'_u_ 29 W32 29
16 ACH |indirect 20 28| 30| 26|E31) 23] 30| 29|Ws0| 20|W32| 20fN31|Ws0|N3T| |30 W52 | W31 W52 3 HESS S
dir-Indirect 27| 26| 28| 26| 29| 28] 28| 26| 28] 26| 30} 26] 29 28 29| 28] 30| 28|H33] 28
AIC only [PVAVS 25} 26| 25| 28] 25| 25| 24 25| 24] 25| 24] 25] 26 26| 25] 26| 25| 25| 24| 25
Evap. |PVAVS +ind/OA 25| 26| 26| 28] 25| 25f 24| 25] 24| 25| 24 25| 26] 27| 26| 27] 25| 26| 25} 27] 25| 26| 24| 25
Pre- PVAVS + ind/RA 25| 25| 25| 25| 25| 25| 24) 25| 24| 25| 24| 24] 25| 26 26| 26] 25 26| 24| 26] 24| 25| 24| 25
Cooling |PVAVS +indidiioa | 25| 26| 25| 26] 25| 25| 24| 25] 24] 25| 24| 25| 26| 27| 26] 27] 25| 26| 25| 26] 24| 26| 24| 25
PVAVS + ind/difRA | 25| 25| 25| 25| 25| 25| 24| 25| 24| 25] z4] 24] 26| 26| 26] 26] 25| 26| 24] 26] 24| 25| z24] 25
Percent hours undercooled
direct 4 2lmas] 2w 2] 4] o[ms| 2[mmv] 2|mdc|e@r i
8ACH |indirect [ 3’I§| 3‘Is'| 3|5 3|[é 3|I§| BCEC g d: » Cargrasnrg «
dirfindir 2| of 3| ofmEs] ] s o] 3| 1]MNs] ] k] NS N] Ms] MK MM | M ] e OO | s IS
direct 2| 1] 3| 1]Ws| 1] 3| 1] 3| 1/WN5| 1]WNS| 4|WNe| <|ms ls_4___;:
12 ACH |indirect 4] 2| a4 2|Wie] z| 4| 2| 4 =2|Me MGG Al a8
dir-indirect 1| o 2 nl_s of 1] of 2 of 3 o 2 2] _zl
direct 2| 1| 2| | a] 1 2[ s] 2] 1| & 1| 4] 3| 4] simmel 3| 4] 3] 4 3E_3|
16 ACH [indirect 3] 2] a3 oMl 2] 3 2| 3] 2|WNs] o|MES| 4|MNs| 4jEEY] o[MEs] 4|MNe| 4|dE| 4
dir-indirect of of ] of 2[ o [ o] 1] of 2 of 2| 1f 2] A 4] 1| 2] 4] af 1 4f 4
AlC PVAVS of 3] of 3] of 3 of of of of of of 1Mz 1[@R7] o/me| o] 3] o z| o| o
Evap. |PVAVS +ind/OA of 2] of 3] of 2[ of of of of of of 1is 1.a| uis of 2| of 2] of o
Pre- PVAVS +ind/RA of 2] of 2] of 2[ o] o] of of of of 1[Me 1M} o/Mls| of 2] of 1] o 0
Cooling |PVAVS + ind/dir/OA of 2] of 2| of 1] of o] of of of of 1[MEs 1_'__sl o] 4 o 2 of 1] of o
Pvavs «indidiiRA | o] 2] of 2| of 1] of of of of of of 1[Ms| 1[MMs| of 4 of 1] of 1| of o
Cooling and Fan Energy Use (kWh/m2)
diract 11 12 13 11 12 13 16 17
8 ACH |[indirect 15 16 18 15 16 18 22 22
dirfindir 17 18 21 17 18 2 27 28
direct 13 14 16 13 14 16 20 21
12 ACH |indiract 18 20 22 19 20 22 27 28
dir-indirect 19 21 25 20 21 25 a2 34
direct 14 16 18 15 16 18 23 24
16 ACH |indiract 21 23 26 22 23 26 32 a3
dir-indirect 21 23 28 21 24 28 26 28
AIC PVAVS 23 26 3s 26 30 a5 T 44
Evap. |PVAVS +ind/OA 23] s 38 25 29 45 | IE|I:sE
Pre- PVAVS + indiRA 23 26 38 25 29 45 (NGNS
Cooling [PVAVS +indidiroA |22 26 [ENGEER| 25 29 44 (s
PvAvS + ind/divRA  FIEZER 2o IE s |20 0 | OO S T L 2T | o I | 7 | L IO G
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Table 4
Location New York NY
internal gains low internal gains high internal gains
solar gains tow medium high low medium high
Inertia high low high low high low high low high low high low
bidg location per Icor per [cor lper[cor per Icor Lper Icor per ]_cor per |cor per Icor Iperlcor per {cor per Icor per |cor
Maximum Indoor Temperatures (C)
direct 20 2a[i30] 28|Nsz] 8L : R3] 20]naz -31&32 a]531 )5 33| w32 134 §32[Wag|N32
8ACH [indirect 30| 20} 20f833] 20[¥31]¥a0]8321030]%3a]R 30033 s2]Has 51932N34{ 833 ['_“@I:iﬁ
diriindir 29( 27| 29 30| 28]i30] 28|iaz] 2s]dai|yseliag B EE B
direct 29| 28| 29| zal@m‘ 28 ;;%:32 28[%‘30 a1 |RaofEazianliat #30
12 ACH [indirect H3n| 28/Wa0 29[| 20|¥33] 29f% 12| Ra1]h33] 5318 32] 1| Bas]R a1 [ aafEm
dir-indirect 28] 27| 28 27) 29| 27[¥31] 27(%; 530 29[;;31 29|&31{ 830831 |B30j8 3210
direct 2| 28] 29 : 28] 30| 28[va1] 29|ivav] sofva1| sofise| s0[na1|wa0fat |30 Ha3|E30
16 ACH [indirect 30| 20[§36] 20fN3T| 20|§57| sofia1| solNaz| s0|¥3H[Na|Nez|Ra1|uaainat R az|uad [Nazlua NaalNad
dir-indirect 28| 27| 28| 2rf 30| 27| 29 zal 29| 28|30} 28] 30| 29| zo0| 29]¥31] 20|Fs0| 200i31] 29|83z 29
AIC PVAVS 25| 25| 25| 25] 25| 25| 24| 25| 24] 25| 24 25| 26} 26| 26| 26] 25 26] 25] 25 " 25 25| 24| 25
Evap. |PVAVS +ind/OA 25| 26| 25| 26] 25| 26| 25 25] 24| 25| 24| 25| 27] 28| 27] 28] 25| 27| 26| 27| 25] 27] 24| 25
Pre- PVAVS + ind/RA, 25| 25| 25| 25| 25| 25| 24] 25| 24| 25| 24] 25] 26] 27] 26 27 25] 26] 24] 25| 24] 25 24] 25
Cooling |PVAVS +indidifOA | 25] 26] 25| 25] 25| 25| 24] 2] 24] 25 24] 28] 26] 27| 26| 27} 25{ 26| 25| 26| 24| 26| 24| 25
PVAVS + ind/diRA | 25| 25| 25| 25| 25| 25| 24| 25| 24| 25[ 24] 2a] 25| 26 25| 26| 25] 26] 24] 25| 24| 25] 24| 25
Parcent hours undercocled
direct Jins) e W N EGEEET =D
BACH |indirect [?&%7 51 s e D R RRES Kol
dirfindir 2/is| 2 ;&%7 2] 4] 285 N7 Rl vIES
direct 4 2] 4] el 2] 4 2hWs 2[3ve] 2 EHEN
12 ACH [indirect W] ofi¥s| a|®7] 4[iNs| aliie] afiwe] 4 _w_l
dir-indirect 21 1| 3 1fwws| 1| 2 qf 3 1[%5 1 4
direct 3| 2| 3| olws| 2| 3| 2| 4] zfws| 2 4
16 ACH |indirect 4| slws| alave] | a| s|awsl s|weel 3| i
dir-indirect 1 1 2] ¢ 3 1 2] 1 2{ 1 3 1 3
AIC PVAVS of 3| o 3f of 3| of 1| o] 41} o 1 2
Evap. |PVAVS +ind/OA ol 3| of 3] of 3 of 1] o] 1| of o 1
Pre- PVAVS +ind/RA o] 2| of 2] o 2 of o] o] o] of o 0
Cooling |PVAVS + ind/dir/QA 0f 2| of 2} o] 2] of of of 0f 0] 0 1
PVAVS + ind/diriRA of 2| of 2] of 1] of of of o of o 0
Cooling and Fan Energy Use (kWhim2)
direct 12 13 14 12 13 14 18 19 20 19 20 20
8ACH [indirect 17 18 20 17 18 20 25 26 27 26 27 28
dirfindir 19 21 23 20 2 23 31 32 33 M 32 34
direct 15 16 18 15 16 18 23 24 25 23 24 25
12 ACH lindirect 22 23 25 22 23 26 32 33 35 33 34 a5
dir-indirect 23 25 28 23 25 29 a7 38 M 38 a9 Il
direct 17 18 FY 17 18 21 26 27 29 26 27 29
16 ACH |indirect 26 27 30 26 27 30 ag 39 a1 38 39 1
dir-indirect 26 28 32 26 28 32 42 44 46 42 44 47
AC PVAVS 28 3 43 M 36 50 51 54 65 55 59 72
Evap. PVAVS + ind/OA 27 31 42 Kyl 35 48 50 54 65 54 58 71
Pre- PVAVS + Ind/RA 27 3 42 M 34 48 50 53 64 53 57 70
Cooling [PVAVS + ind/dirfQA 27 30 a1 30 33 47 49 52 83 52 56 69
PVAVS + ind/dir/RA 27 30 41 30 34 48 49 53 63 53 56 69
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Table 5

Location Washington DC

internal gains iow internal gains high internal gains

solar gains low madium high low medium high

Inertia high low high low high low high low high low high low

bldg lecation {per |cor per |cor Jper |cor per Iccr |per |cor per Icor per Icor per lcor Jper |cor per lcilper |cor per |cor
Maximum Indeor Temperatures (C}

direct [ 20 22 0] 23 [0 w22 | @0[@2 a0 a]Bo3 (g e3
8ACH |indirect {332 g | @as [ wea | | i | I 73 e B4

dirfindir @30 20|E3n| 20]¥3z2| 29|F3 33|32 Kz

direct %31 [W30 831) g:{u]!:fz 30|85 EEE
12 ACH [indirect |83z |3 | 832 | §37{#33 | IR W2 34| B33 |5 | #33

dir-indirect |®30] 29|@30 1| 29|H30 2 |l | Bas |l

direct 231 @30 B3 W0 (852, 3|32 |34 W2
16 ACH [indirect a2 Fa1 | W2 a1 | E33 B |3 VEER] i B

dir-indirsct 830| 29f@at| 29|¥31| 29{§31 2|21 | Ea5 83
AIC PVAVS 25] 26| 25} 26| 25| 26 -24 25| 24} 25

“|Evap. |PVAVS +ind/OA 26| 27| 26} 27] 25| 26| 25 28| 24] 26

Pre- PVAVS + Ind/RA 25| 26| 25| 26] 25| 25| 24 26] 24] 25
Cooling [PVAVS + ind/dir/QA 25| 26| 25; 26] 25| 26| 25 27| 24| 25

PVAVS + ind/dir/RA 25( 25| 25| 26] 25| 25| 24 26| 24| 25

Percent hours undercooled

direct
8 ACH indirect
dirfindir
direct ;mel NEH AR BEQEE
12 ACH Jindirect 8| SR | o | Gl | g o | I | R iEs
dir-indirect s BEEEELES ]
direct W alis| a|ERo| 4|m7] |87 t| Kes| o) w0 Wio &7 | #c| e | M¥e mo e
16 ACH [indirect M R | v, | B | 5l | R | 38 | Bk o] 500 | Bia | v o | Gl |t s | 5o | S | BB 0 | G Ko s
dir-indirect 4| 3| a4 s|EEe] 3] 4] 3| 4] a|EEe| 3|EHe|EEs|He| W] ] e | BE ] e | M 5|y
AlC PVAVS o[Wls| o/®s] o 4| o 1] o 1] o 1] i|Ew] i|wo] ofmEs] o] <] of 3 u 2
Evap. |PVAVS +ind/OA 135! 1|@s] olgms| o 2| of 2f ol 1] 2@ 2|§9 1|§a o] 4 of 4 o 2
Pre- PVAVS # Ind/iRA of 3 4 o 3 of 1] o] o o o] ofEFs| o|REs] olEHs| o] 2] o] 2| o o
Cooling [Pvavs +indidivoA | ol 4] of 4] of 4 of 1l of 1] o] o] 1|EEe| 1|&s| olEWE] of 3] of 3| of 1
PvaAvS +indidivRA | o 3[ of 3| o 3[ of of of o of of o[y olEsz] ofMEs| of 2| of 1 o o
Cooling and Fan Energy Use (KWh/m2)
direct 20 21 22 20 21 23 30
BACH indirect 28 29 az 29 30 a2 42
difindir a2 34 a7 3z 34 Ir 50
direct 25 29 38
12 ACH |indirect BN 42 54
dir-indirect a1 46 63
direct 30 kL 45
16 ACH |indirect [ (] 51 65
dir-indirect | 54 73
AIC PVAVS { 35 60 87
Evap. |PVAVS +ind/OA {36 nsem|@'m 59 e 7|
Pre-  |PVAVS +ind/RA 35 37 42 56 84
Cooling |PVAVS + indidirlOA 35 37 42 58 86
PVAVS + ind/dir/RA 34 26 41 57 83
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Table 6
Location Miami FL
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location Jper Icor perlcor per !cur per]cor per Icor per [cor Iperlcor per!cor per Icor per]cor per Icar perlcor
Maximum Indoor Temperatures [G)
direct 29] 28]i50] 28]N37] 28]%30] 29]ws1] 29]533] 298 32li s N aalEaz] dalE
8ACH [indirect £30| 20|h34] 200833 oofuaiiise]uaz|Fael saliao].3aliE2l aavaa| R
dirfindir 29| 27| 29| 27§31 27§§g; 2e]¥30] 28|f3z2| 2sla1iizolNas|iaz §_‘3‘4.__
direct 29| 28] 20| 28]¥30| 28] 29| 28|Wac| 28(a2| 2efiz0fizelNaz|¥stfisaiiazfy
12 ACH lindirect H30] 2s8|iz0| 28]¥31] 20i30| 200334 200:33] 20 miEaliszliazliaales
dir-indirect 28| 27| 28| 27|830] 27| 20| 27| 29 27[¥E 27|§30 29 &“@'32]§3‘1 §33}
direct Ta1 |1 30]% a1 R 20| 53211 30| % 32|30 832 [N 30| S 22| 30} R 32| A BT
16 ACH |indirect 311831 }%32[_3&3'1 Raziialisafistfvanian [t aaliaal a2lE &
dir-indirect Lﬁgs‘g 30/531] 3of¥az] 3ol¥a1] 3ofEaz| 30 §32] 30[R3zE3
AIC only |PVAVS 25| 25| 25| 25] 25| 25| 24| 25] 24| 25| 24f 25| 26
Evap. |PVAVS + ind/OA 25] 26| 25| 26| 25| 26| 25| 25| 24| 25| 24] 25] 27
Pre. PVAVS + ind/RA 25| 25| 25| 25} 25| 25| 24f 25] 24] 25| 24] 25| 26
Cooling (PVAVS +ind/dir/0A | 25| 26| 25| 25| 25| 25| 24| 25| 24| 25| 24] 25] 26
PVAVS +indidinRA | 25| 25| 25{ 2] 25| 25 24| 25| 24| 25] 24] 24] 25
Percent hours undercooled
direct L R R 25 250031 {025 I 3251 e e | g IS o | Iao s W IR e IS IEG IS |G
BACH [indirect iB ol 74 o lay R i sl 6| x| & .rl"?“ 38 | &
dirfindir 1] 1 R R LSRR T R % &
direct 2522 22030122 21T [ I2e i [31 B29 /M2 Mool IS 2 T 29 la'z l"s‘!ﬁﬁ 129
12 ACH |indirect AL AL T LR L Rl [ R 53 35 ﬂﬁ‘ﬁ'lﬁmﬁ' [ &
dir-indirect IR 18 IR b R R R T R T iEsiNnile 33 5]
direct L e R e e P e R 23 I?ZS [33 25I21li5 l'zéﬁslé‘“lzs
16 ACH [indirect 7 L e LEhan el i Ui mkad! ST zgla'ﬁﬁ'rlé“ﬁ“lﬁ”r
dir-indirect ; B : ) THERFI T B 2 EERARY LT A ] Qﬂrﬁ
AC PVAVS a2l slgd] ofss] ofi ofsdR]  olilavwr[ERrlaysiEe 1|;f§ oKy omj
Evap. |PVAVS + ind/OA FolERalsnoilas] 2[Wat] olfz] ofMaz] olciiEaiEiE:INs] 4N
Pre- PVAVS + ind/RA afian  2iNEe  oftdu]  ofMao] offio] ofRdolnelds] 4% oM
Cooling |PVAVS +indidiroa  |ER6IRES]  4fNz] ofl¥E] ofRid] ofsyd  oftolidoimuslavrlies] 1 [
PVAVS + inaidivRa | 3[Bs| 2|MEa] oM ojmie] ofmie] olmskiisiNz Al ollEE
Cooling and Fan Energy Use (kWh/m2)
direct | 55 62 62 54 61 62 63
8ACH |indirect 75 82 83 85 81 83 84
dirfindir oz ] 94 105 107 109 104 106 108
direct 74 | 78 | 85 87 88 85 86 87
12 ACH |indirect ‘m@“ﬁs‘%@ """" ‘&\195&‘& 116 117 119 115 116 118
dir-indirect Nzen &&‘m&% 148 510 As AT | 140
direct 107 108 110 106 107 109
16 ACH |indiract [SaTER 140 I SR ARG BR {0 a7 ] 150 |
dir-indirect &Sﬁmm ﬁ%‘;ﬁﬁ& \ f__ ; f, N 3&&51’&2&% L] LR PR T R S T A |
AIC PVAVS 94 118 125 [ 144 126 133 153
Evap. |PVAVS +ind/OA &ﬁnmlmssm Rr1083% &wssm Wiezsnuam a4 sz s 4 @mm mmm
Pre- PVAVS + ind/RA 67 72 88 78 | o7 116 122 136 117
Cooling |PVAVS +indidiroA  [N7a R0 [ SFas b liios W] 34%'&%@92@&&114&% B350 | Shaoi e 2R i T i 143& ﬁ’ﬂuﬁ
PVAVS + ind/dir/RA 69 75 9 Wazodd SsE] 14 122 | I
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Table 7
Location Phoenix AZ
internal gains low internal gains high internal gains
solar gains low medium high low medium high !
Inertia high low high low high low high low high low high low J
bidg location per |cor per]cor per jcor |per lcor Jper |cor per[cor perlcor pericor per |cor {per Icor lperlcor per |cor

Maximum Indoor Temperatures (C)

direct Wa2laolaz[a0]xaa 3i¥so|MEE130) i3] 32 1 34] 32HTB] 32 - 341532
8 ACH |indirect R L FeeY) kY ¥z 232 5
dirfindir V30| 28|¥a0| z8]E3 31| 28|¥33
direct §31] 20|83 20}¢s2 20|%
12 ACH [indirect 3{Ta2R3slEaafy 4|#32
dir-indirect 27| 29 27'?.{3’0 27
direct 30|%34) 30]if32 3
16 ACH |indirect 533} 3 32|¥a30s2 532
dir-indirect 29| 27| 29f 27
AC only |PvAVS 26| 27| 28] 27] 25
Evap. |PVAVS +ind/OA 26| 27| 26] 27] 25
Pre-  |PVAVS +ind/RA 26| 26| 25| 26] 25
Cooling [PVAVS +indidiroa | 26] 27] 25| 26] 25

PVAVS + ind/dir/lRA

26] 26| 25| 26] 25

25] 24

Percent hours undercooled

direct 4|2 ol 10 %10 &0 Ko 9 s |G 25 e o O I e |2 |l
8ACH [indirect gl el x| ; g 7ol 2 i ¥ 25 5 e [
ditfindir A e 4 3 3 G [ | % K
direct R IR SR B wED WD [ ﬁw CHE BT B
12 ACH |indirect Cdal ol el & 2 2SI ] ]
dir-indirect Wy 2lyme] 2 AEEEE ECEE 2| s VT [ s e [ s ﬂs ﬁi ms ﬁ g5
direct FRL Frd BT B oad st g SDIE A K7 B oz e Bl el [ ABETY B
16 ACH lindirect 3 {4 13 1 5 1% B_ 3
dir-indirect a| 1|8¥s] e 1] 4 3%Ee] 3R] s|EEr 3 iEs 3
AC_ |PVAVS WS  3|&t0] ooEe| o 2 o[lis| o o|]
Evap. |PVAVS +ind/OA 3 Es 3lzgs] o|F¥e] o sl 3[MEEl o NED HER
Pro-  |PVAVS +ind/RA 2|5s] ol3Es| off 6] 2 0 o|&¥al of 4
Cooling [PVAVS + ind/diriOA 2 %%‘e’s*sl o35 o A« INEDIRES| o] 4
PVAVS + ind/dir/RA 27 o5 ofF 2 0 o] o 4
Cooling and Fan Energy Use (kWh/m2)
direct 30 M 34 30 a2 35 a1 a3 a5 a1 43 45
BACH indirect 43 45 50 44 46 50 57 59 62 58 60 62
dirfindir 45 48 52 45 48 52 64 66 69 64 66 69
direct a8 40 a4 38 40 44 52 54 57 52 54 57
12 ACH |indirect 57 60 65 58 61 66 74 76 B0 74 76 80
dir-indirect 55 58 65 55 58 65 79 B2 ar 79 B2 86
diract 46 48 52 61 63 66 61 63 66
16 ACH [indirect R e 79 89 91 96 89 91 96
dir-indiract 62 66 74 90 94 100 80 93 99
AIC PVAVS 68 78 100 o7 106 136 105 116 146
Evap. |PVAVS + ind/OA 55 62 90 62 70 101 85 94 122 94 104 132
Pre- PVAVS + ind/RA 53 60 87 60 68 9g 82 90 118 90 100 128
Cooling {PVAVS + ind/dirfOA 55 61 B8 60 69 97 B84 93 120 92 101 128
PVAVS + ind/dir/RA 55 62 89 61 69 9g BS 04 122 93 103 130
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Table 8
Location Los Angeles CA
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location ]perlcor per‘cor per Icor perlcor Lp_er]cor per Icor per ]cor per]cor per Icor per Icor lperlcor perlcor
Maximum Indoor Temperatures {C)
direct _I_zs 26| 29| 26]837| 2eji3n| 27]¥as) o7[¥zaj 27fiav| 20[ta3n] 2ofiaa| 20fiizafiisolMEs|Eac[MEE]E0
4ACH  |indirect Wao] 27[831] 27|R33) 27|N33] 20fia4] 20 Pe) ) e e ) e R 5 7530 W50 53
dir/indir 27| 25| 28] 25|§36] 25 28| 2s|W30] 25|%33] 25| 20| 28liize] 2sfias
dirgct 27} 25| 27| 25] 29| 25| 28] 26] 20| 26|31} 26] 29] 27 29 27]331
8ACH [indirect 20| 27830 27fisa] 27/¥3| 2sffaz] 20f¥ad] 20f¥ai[Wao|R32[Nae|Nas]iae]vas]iar]yaalRs Ml
dirfindir 25| 24| 25| 24] 27| 24| 26| 24] 27{ 24| 20| 24] 26| 25| 27| 25] 29] 25| 28] 26] 28] 26[330] 26
direct 26| 25| 271 25| 28] 25| 27| 25| 28] 25| 20| 25] 27] 26| 28] 26| 20| 26] 20| 27] 29 _27[§31] 27]
12 ACH |indirect 20| 27| 20| 27833 2r|¥i0] 2s]¥ar] 26|98 osfdao| 20lNat] 20l032] 20f¥aziEEelvaz|E[via[Ese
dir-indirect 24{ 24| 25| 24] 26| 24| 25} 24] 25] 24] 27| 24] 25| 25| 26| 25| 27| 25| 26] 25] z6] 25| 28] 25
AIC only [PVAVS 24| 25| 25| 25] 25| 25] 24| za] 24| 24] 24| 24] 25| 26| 25| 26| 25| 26] 25] 25] 24| 25| 24] 25
Evap. |PVAVS + ind/OA 24] 24| 24| 24| 24| 24| 24| 24] 24 24 24| 24] 25| 25| 25| 25| 25} 25| 24] 25] 24| 25] 24] 25
Pro- PVAVS + ind/RA 24] 24] 24| 24] 24| 24] 24| 28] 24| 24] 24} 24] 25| 25| 25] 25| 25| 25| 24] 25] za] 25| 24] 24
Cooling |PVAVS + indidiOA | 24| 24] 24] 2a] 24| 24] 24| 24] 24| 24| 24 24f 25| 25[ 25] 25] 25] 25] 24 2s] 24] 25 24] 24
PVAVS +ind/difRA | 24] 24] 24] 24] 24| 24 24] 24f 24| 24] 24| 24] 25| 25] 25) 25] 25| 25| 24| 24] 24| 24] 24] 24
Parcent hours undercooled -
direct EEEC 2| 4 2f3te| 2lav0] 203 02K LY G2 2 210 I | W2
4ACH  [indirect Bsl sl 3 ESEE EHEE g SRt an R i Rl e Gl
dirfindir 2f 1 4] 1jae 1| 3] s 1]nme]  1hRve|Ntofigiz[Eto RRra 6] | S JE ERT
direct ol of 1 of 3 of 1] o] 2 o[-4 0] 4| 3885 3]E 3] 4] aliNs 3[fe) 3
8ACH [indiract 1 o] 2| off¥5] of 2| of 3] o6 ofivE|RISINNEIMES[RNINGEINNE]  afMiz] 4[] 4
difindir of of of of 2| of of o] 1| of 3| of 2| 2 3| 2fusel 2| 3| 2l 4| z[uwe]l 2
direct of of of of 1] o] o] of of of 2/ of 1 of 2f o of 1] o] 2] of 4 o
12 ACH |indirect of of 1 o] 2| o 1] o] 1 o 3 o] 2| 2 3 2f 2 3| 2] 3] 2jis 2
dir-indirect ol o of of 1] of of o of of 1] of of of 1] o o] of of 1] of 3] o
AIC PVAVS ol of of of of of of of of of of of ofisi ofiie al o] of of of of o
Evap. |PVAVS + ind/OA of of of of of of of of of of of of of 4 o 4 2] ol o] of of of o
Pre- PVAVS + ind/RA ol of of o] of of of of of of of of of 4] o 4 2l of of of of of o
Cooling [Pvavs +indidiroA | o] ol o] o] of of of of of of o o] of 2[ of 3 1] of o] of o o o
PVAVS + ind/dir/RA o] of of of of of of of of of of of of 2] ol 3 1] ol ol of o o o
Cooling and Fan Energy Use (kWh/m2)
direct g 10 11 9 10 11 18 19 19 18 19 19
4 ACH lindirect 12 14 16 13 15 16 25 26 27 25 26 27
dirfindir 14 16 19 14 16 19 30 32 0 30 32 33
direct 10 12 14 11 12 15 23 25 26 23 25 26
BACH [indirect 16 18 22 17 19 22 34 36 38 34 36 a8
dirfindir 16 19 23 17 20 24 a7 40 43 28 40 43
diract 11 13 16 12 14 17 25 27 29 26 27 30
12 ACH [indirect 18 20 25 19 2 26 38 41 a4 39 4 a4
dir-indirect 17 20 25 18 2 26 40 a4 47 41 a 48
AIC  |PVAVS 29 33 a7 36 41 58 54 59 7 61 66 83
Evap. |PVAS + ind/OA 29 7 46 36 41 |G oBue|oe SAN | SASOME | e rma 61 66 |iNasd
Pre- |PVAS +ind/RA a0 N 3 i e R I 3R T | e R 70 o2 00 | S v s TS [T | W a0 Bt R
Cooling [PVAS +inddivoa | 27 K1 44 34 39 55 51 56 67 57 62 78
PVAS +ind-dirRa  [izonsiliwvaannlawazanbamse i |ana | s sop Rnias S 1 co N [ 50872 % [ e o2 W [l 673 | I 4N
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Table 9

Location

Chicago IL

internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location perlcor perlcor per lcor per]for parlcor per Icor per Icur per ICOr per |cor |per |cor [per |cor |per |cor
Maximum Indoor Temperatures [C)
direct 27lim| 27 %3] 28] 32| 30] - 33]i- 30
8 ACH |indirect 136 30| 2832l 28] { 291 ~33] 3] 34f 3|
dirfindir 28] 28| 28 26 27]43 231 2¢] 32| 29]-3
direct 28| 27| 29 27 27 +30] 29]: 32| 29
12 ACH |indirect 291 28[%30 28] 20| "3 31] 30| '33] 30|
dir-indirect 27| 26| 28 26| 28] 26| 28 26] 29 29| 28]:31| 283
direct 28) 27| 29 27| 29| 28] 29 28] 30 30| 29].31] 29
16 ACH |indirect 29| 28] 30 28| 30| 29]:30 29] - 31 “a1] “so] 2] 30] 3] 34f3
dir-indirect 27, 26| 28 27| 28| 27| 28 27 20| 28] 30| 28
AIC PVAVS 25! 26 25 26| 25| 25| 24 25| 26| 26] 25| 26
Evap. |PVAVS + ind/OA 25 28| 25 26| 24| 25| 24 25| 26| 27] 25| 27
Pre- PVAVS + ind/iRA 25| 26} 25 25 24| 25| 24 25 25| 26] 25| 26
Cooling |PVAVS + ind/dir/OA 25| 26| 25 26{ 24| 25] 24 25 28 27' 25| 28
PVAVS + indidir/RA | 25f 26| 25 25 24| 25| 24 25 25| 26] 25| 28
Percent hours undercooled
direct 5 i wol a8 37| 3fiie oll]: - 9y [ X
8 ACH |[indirect 7|4 sl 8] Eor B Bl O 1 T . 10}fE2] 10 {
dirfindir 3 IR B d I < O | &5 1|87 o I B G R o R 5B
direct 3 4 6] 2| 3] 2] 4] 2|&% sl G B B i )
12 ACH |indirect 5 -6 we|l 4 5] 3F6] 4|8 7l el Crfel 7p 1
dir-indirect 2 2 al o] 2| of 2] of 4 3|5 270 3] 4 sfus] 3f 3
direct 2 3 0 E) ) B R B 4| 8 ] alos] afis] 4 4)
16 ACH [indirect 4 g TERE R | e L A ) 5 LS 6
dir-indirect 1 1 3] of 1] of 1| of 3 HEEBE E 2] 3| 2§ 3f 2 2
AC PVAVS o 0 (= ol 2 of 2| o =9 2f 9] of 8] of:sf o 4 2
Evap. |PVAVS +ind/OA o|§iis] o [ES of] 2] of 2f o B8] 2p-8] of: 7| of 4f of 3 2
Pre- PVAVS + ind/RA of 0 of 4 of 2] of 2/ o 18] of 7] o 3] o 2 1
Cooling [PVAVS + ind/dirfOA olgss| o of 4 of 2] o 1| o 11" 7] of s o 3] o 2 1
PVAVS + ind/dir/RA of 4] ofg of 4 of 1] of 1] o 1|57 of _sf of 3] o 2 1
Cooling and Fan Energy Use (kWh/m2)
direct 12 13 15 12 13 15 18 19 20 19 19 20
8 ACH |indirect 17 18 20 18 19 21 25 26 27 25 26 27
diriindir 19 21 24 19 21 24 30 k3 33 K3 32 34
direct 15 16 18 15 16 18 23 24 25 23 24 25
12 ACH |indirect 22 23 26 22 24 26 32 33 34 32 33 35
dir-indirect 22 24 28 23 25 29 kY 38 a1 7 39 41
direct 17 18 2 17 18 2 26 27 29 26 28 29
16 ACH |indirect 26 27 30 26 28 31 38 39 41 38 39 41
dir-indirect 25 27 32 25 27 32 41 43 46 a1 43 46
AIC PVAVS 26 30 43 29 34 49 a7 51 64 51 56 71
Evap. |PVAVS +ind/OA 25 29 41 28 32 47 46 50 62 49 54 68
Pre- PVAVS + ind/RA 25 29 41 28 32 47 46 50 81 49 54 67
Cooling [PVAVS + ind/difOA 25 29 41 28 32 47 46 50 62 50 54 68
PVAVS + ind/dir/RA 25 29 42 29 33 48 |SEaTel| 63 50 55 59
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Table 10
Location Fort Worth TX
internal gains low internal gains high internal gains
solar gains low medium high low medium high
fnertia high low high low high low high low high low high low
bldg location perlcor per Icor Ipechor perlcor per lcor perlcor perlcor per]cor per [cor perlcar per[cor per |cor
Maximum Indoor Temperatures (C)
diract w318 30] 3z va0] R 33 S 20] R 32 8 30) oz L) FET R R
BACH |indirect R R R T N R ] R X
dirfindir $10 29!&3’1" 200832 20[¥31 [ a0l5 w33y 3432} 433
direct 3] 29j831 ' w31|Ea0]wazis ;,32E§31 3[wa1]i 3] i
12 ACH [indirect R32i 831 N ol e BR EERIRY 3834|833 ﬁ 33 |8 34 3] ¥R e e
dir-indirect ] 30/ 20|¥30| 20}¥30 SIEER B REF &‘31 F3tfasy
direct 3 %¥31] 3ohisz| aofist] sofian Sl BT Y B 32 E3f
16 ACH [indiroct Has3lysi i %§”3‘1!§34|j§31|&33 ¥32[i3a s34[83slEE s B 33 1SE|
dir-indirect Jgajd 20/83% 20]R31] 20f¥30] aof¥an o P ] e e T ) R e R
AIC PVAVS 26| 27| 26| 27] 25| 27| 25| 26] 24 26| 28] 25| 26| 25| 26] 25| 26| 24| 25
Evap. |PVAVS +indiOA 27} 28] 27] 28] 25] 27] 26| 27] 25 28|%30] 28|:30] 28]:30] 28|:30] 24] 26
Pre-  |PVAVS +ind/Ra 26| 27] 26| 27| 25| 28| 25| 26] 24 25‘727 25| 26| 24] 26] 24| 26] 24] 25
Cooling |PVAVS + ind/diOA | 26| 28| 26[ 28] 25| 27| 25| 27] 24| 26| 24 26] 2o[¥30] 20[E30| 26] 28] 28[3F0] 26] 28] 24] 26
PVAVS +indidiiRA | 26 27| 26 27{ 25| 26| 25| 26] 24| 26] 24| 26] 27] 29] 26 28] 25| 26 25 27| 2a{ 26| 24| 25
Percent hours undercooled
direct 14 e DR 16 [ bR Tn I e o K6 I R s L2 I o [ s |G [ Tl
BACH [indirect SR8 TS I201N 5 W 7 | e e | 10 K 5[0 IS | I I {1723 1 0 |26 Ko I | I 75 | e
dirfindir R TR E bl HaiEini X1 0T (e e d G WA e
direct LN 2R b RN Yo IS | a7 i oM a5 1o [t K S e s
12 ACH [indiroct S o K70 IS WA I | I e L7 7 [ 7, 7 e 7 | s o, o i
dir-indirect IR LR LR LS e L B R B B B e e
direct 1 ; : R RN s e h ol T S T s T s Tl
16 ACH [indirect RO srlke s g s s [ o s i ol IS | s [ 7 s I | I S e s 7 S
dir-indirect Toluar IR i [ I e e [l R &l Wl d 3] T
AIC PVAVS I 2 0i10] oj8te] ofiNe] o|\Ns] 4f¥s| @] olSH| ofswrl olius] o 4
Evap. |PVAVS +ind/OA afita] Sfwe] olido| ofuir] ofSie[ ofwis|woidns|motire] ol o|n o 4
Pro-  |PVAVS +ind/RA 28l ] ofile]  ofius ol\ﬁ’&s NEL IR SR GAIRES I of 3
Cooling |PVAVS + ind/dir/OA % o ofie {: o|RREINiMid) 3|MF] o|Ndo] of: o 4
PVAVS + ind/dir/iRA 2 110 o] olwiE] alNe] RWE ofeal o o] 3
Cooling and Fan Energy Use (kWh/m2)
diract 20 30 33 30 3 33 39 40 41 19 40 41
8ACH |indirect a1 43 45 42 a4 47 54 55 57 54 56 57
dirfindir %&‘ﬁﬁsomi 52 55 51 53 56 65 67 69 66 68 70
dirgct 42 45 51 52 54 51 52 54
12 ACH [indirect 63 7 73 75 72 74 76
dir-indirect Tl ETN R 91 87 88 a1
direct 65 63 64 66
16 ACH |indiract 92 [REseWyl 90 93
dir-Indirect 110 [Sei0se feaaoray] 111
AIC PVAVS 89 111 | 88 95 | 120
Evap. |PVAVS + indiOA R T T T R O T R R
Pro-  [PVAVS +ind/RA 82 83 88 I 107 86 92 116
Cooling [PVAVS + indidiriOA T I B e E D T P
PVAVS + indidir/RA 52 ] 58 83 [ies @L@]&%&] BHeogE| o5 119
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i
Table 11
i
Location Denver CO
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low 1
bidg location per Icor per Icor per Icor per Icor per Icor perlcor |per lcor perlcor per lcor per |cor lperlcor per |cor
Maximum Indoor Temperatures (C)
direct 27] 24] 28] 24]530] 24] 27] 25] 28] 25|W32] 25] 23] 281%30] 28]S3z] 28830 28[¥a1] 28(W3s | 2]
4ACH |indirect 20{ 26|¥30] 26]332] 26| 29| 27|¥d0] 27|W33| 27|Eai|Edoilaz|NT0] B34 K30 FaE ¥Ie] B33 |F a0 |lAE]F30 |
dir/indir 25| 24| 26| 24| 29| 24| 28] 24| 27) 24|%30| 24| 28| 27| 29| 27|%3a| 27| 28| z7|%a0| 27|Ws2| =7
direct 25] 24} 25| 24] 27| 24] 25 24} 26| 24 28] 24] 26| 25 27| 25] 20| 25| 27| 25) 27 25| 29| 25
8ACH |indirect 27] 25| 28] 28] 29| 2s| 27| 25| 28} 2siaal 25| 20| 28] 20| 28]%3i| 28] 20| 28]¥30| 28|#a2| 28
dirjindir 24| 23| 24| 23] 26| 23| 24| 23] 24| 23| 26| 23] 25| 24| 25| 24] 27| 24| 25| 24| 26] 24| 28] 24 {
direct 24| 23] 25| 23] 26| 23] 24| 23] 25| 23| 26| 23] 25| 24| 25| 24] 27| 24] 25| 24f 26} 24) 27| 24
12 ACH |indirect 26] 25] 27] 28] 28] 25| 26] 25| 27] 25| 20 25| 28] 26| 28] 26| 29| 27| 28} 27] 28] 27]%36] 27
dir-indirect 23| 23| 24| 23] 24| 23| 24| 23] 24| 23] 25| 23] 24] 24| 24| 24] 25| 24] 24] 24] 24] 24] 26| 24
AC only [PVAVS 25| 25[ 25| 25] 25| 25 24[ 25[ 24| 24 24 24] 26| 27{ 26 26{ 25 26| 24{ 25| 24 25{ 24| 25 '
Evap. |PVAVS » ind/OA 25| 25| 25| 25| 24| 25| 24| 24] 24| 24] 24| 24] 25{ 26] 25| 26| 24] 25| 24| 25] 24| 25| 24] 24
Pre- PVAVS + ind/RA 25| 25| 25| 25| 24| 25| 24| 24] 24| 24] 24| 24} 25| 26| 25| 26] 24| 25| 24| 25| 24| 25| 24] 24
Cooling |PVAVS + indidiiOA | 24| 25| 25] 25| 24| 24| 24| 24| 24| 24| 24| 24] 25| 25| 25| 25| 24| 25| 24f 24] 24] 24} 24| 24
PVAVS +indidifRA | 24] 25| 25| 25| 24| 25| 24| 24] 24] 24| 24| 24] 25| 25| 25] 25| 24| 25| 24| 24] 24| 24| 24| 24 ;
tPercent hours undercooled
direct of 4 olsta] o] 3| o] 4| ofxis] ofsriuge|dielve Wiz ERe He | iMlo] 50
4ACH |indirect 5| 20797 olgro] ofis| ofemil 2fEie] 2|uieivoMECiEao|MTEiE ol [ ol :
dirfindir 1l o| 2| oflike! ol 1| o] 3 olﬁzﬁ o|®s]  a|fr| s|To| s)¥Ee| 4|i%s
direct o] ol 1] of 2] of of of +f of 3] o 2 1| 3| qfegs[ 1] 2| 1] 3
8 ACH [indirect 2l o] 3] ofi¥s] o] 2f of 3| ofeis| of¥Es| 3 3| &s| 3|Fs| alie
dirfindir ol of of of 4 of of o] of of 1 of of of 1] of =2 of of of 1| o 3 o
direct of ol of of 11 of of o] of of 1] of of of 1] o] 2} of of o] 1] of 2| o
12 ACH |indireet 1] of 1] o] 3] ol 1 ol 2 of 3| o] 3l 1} 3] 1|&Es] 4| 3p 1| 3} 1]Efs]
dir-indirect ol of of of of of of of of of o] of of of of of of o] ¢ of o of o] o
AIC PVAVS ol 2| of 2 of 1] of o] o of o o] 1|¥e| 1]sEe] o|nEs| of 2 of 1] o] o '
Evap. |PVAVS +ind/OA o] 1] of 1] of o] of of of of of of ol 4] o] 4] o] 2l o] of of of of o
Pre- PVAVS + ind/RA ol 1| o/ 1 o] of o] o] of of o of o 4 o 4 of 2{ of of 01 o] of o
Cooling {PVAVS + indfdir/OA of of of of of of of of o6 of ¢ of o 2 e 2f o 1 o o o o of &
PVAVS + indidir/RA of o of of of o of of of of of of of 3 of 3] of 4] of of of of o o
Cooling and Fan Energy Use (kWh/m2}
direct B [ 7 9 7 8 9 12 13 14 13 14 15
4ACH |indirect 1 12 13 " 12 14 18 19 20 19 20 21
dirfindir 9 11 13 10 1 14 19 21 22 20 22 23
direct 7 9 1 8 9 12 15 17 18 16 17 19
8 ACH |[indirect 14 16 19 15 17 19 26 27 29 26 28 30
dirfindir 10 12 16 11 13 17 22 25 27 22 25 28
direct 8 9 12 8 10 13 16 18 20 17 18 21
12 ACH [indirect 16 18 22 17 19 23 30 32 34 31 32 35
dir-indirect 1 12 17 11 13 18 23 25 29 24 26 30
AC PVAVS 23 21 41 27 32 51 42 47 60 47 52 71 !
Evap. |PVAVS + Ind/OA 19 22 34 22 26 43 34 a7 48 7 42 58
Pre- PVAVS + ind/RA 20 24 37 24 29 47 a7 40 53 1 46 64 '
Cooling |PVAVS + ind/dirfOA 17 20 31 20 24 39 3 34 44 a5 38 52
PVAVS + ind/dir/RA 19 21 33 22 26 4 Y] 37 48 37 a1 57
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Table 12

Location

Albuquerque NM

internal gains

low internal gains

high internal gains

solar gains low medium high low medium high

Inertia high low high low high low high low high low high low

bldg location per[cor per Icor |per|cor perlcor per icor perlcor perlcor per icor per [cor perlcor per]cor per |cor
Maximum Indoor Temperatures (C}

direct 29] 26[30] 26]532] 26[:30] 26]N31] 26534] 26532y 34]%20[%33]3
4ACH [indirect §31] 29|832] 20§834| 20|832] 29]i33] 20|Mue] zofizaiinz cREH R

ditfindir 27 28| 28| 2s5|N31| 25{ 28| 25| 20| 2s|%32| 2sfi30 3| 28[¥31

direct _27] 25| 27] 28] 29| 25| 27| 25| 28] 25)%30| 25] 29 27| 29
8ACH [indirect 30| 27|8%0| 27|33 27|¥a36] 28fiat]| 2slias] asfTaalTaeleaz[Taolas)tae] a2

dirfindir 25| 24| 26| 24] 27| 24| 25[ 24] 26| 24| 28| 24] 27] 25| 27] 25] 29] 25] 27

direct 26| 24| 26| 24] 28] 24| 26| 24| 26| 24| 28] 24] 27} 26| 27] 26| 20] 26] 27
12 ACH |indirect 29| 27 23] 27}i3i] 27] 29 27|§a0 73| 27|R56] 20851 2ofisz] 2efia0| 20fF54| 20[F33| 29

dir-indirect 24| 24| 25] 24] 26{ 24] 24| 24| 25[ 24| 26| 24| 25| 25| 26| 25| 27| 251 25| 25| 26| 25| 27| 25
AIC PVAVS 26| 26| 26| 26] 25 26| 24| 25] 24| 25| 24| 28] 26| 27| 26| 26| 25| 26] 25| 26| 24| 25] 24| 25
Evap. |PVAVS +ind/OA 25| 26| 25\ 26] 25 25| 24| 25] 24| 25| 24] 25| 25| 26] 25| 26] 25| 25f 24| 25] 24| 25] 24| 25
Pre- PVAVS + ind/RA 25| 26| 25| 26] 25| 25| 24| 25] 24| 25| 24| 25] 25| 26] 25| 26| 25| 25| 24| 25| 24] 25| 24| 24
Cooling [PVAVS + ind/difOA | 25| 26| 25| 26| 24| 25| 24| 25] 24| 25| 24 24] 25| 26] 25] 26| 24] 25 24] 25| 24| 25| 24| 24

PVAVS + ind/divRA | 25| 26| 25] 26| 24| 25| 24| 25| 24| 25| 24| 24] 25| 26] 25| 26] 24] 25| 24| as| 24] 75| 24| 24
Percent hours undercooled

direct S L ) R N S B T B (S BT R
4 ACH lindirect 0 _ SE R ] S sHE 3&3‘13.{5‘1'5 % {2 e |2 | o |

dirfindir oiXN¥5) ofie] o 3] ofis| o|¥ie] ofiNelnvepivi|ivelales e v s R s KR TS

direct 1] of 2| ofssl of 1] of 2 ofisl o a| 20wis| ofiir] 2] 4 2lws 2
8ACH [indirect [WE8]2[ie| ofws| ofiis| zfuwe| z{uis| 2|uveinal omelRiilels 2| me] el "6

dirfindir of of of o 2| o o o o of 3 of z o 2z o wis{] of 2| of 2 o 0

direct of o 1 of 2[ of of of 1 of 2 of 2| of 2| of a| of 2| of 2| of 4] o
12 ACH [indirect 3| 1 4] R8sl 1] 3] ] o] 1]i%s| qJ¥s| a|iNs] efiE| altws] slewe] alfd]

dir-indirect 0f 6 of o] of of of of of of of of of of of of 11 of o of of of 1| o
AlC PVAVS 1)58e] 1fx%e] o 4] of 1] of 1] of o 1fsvel 1fsmel ofswr] o 3] o 3| o 1
Evap. |PVAVS +ind/QA o 4| o 4] o 2| o of o o o o 1(886] 1]mie]l of 4] ol 1] of 1] o o
Pre- PVAVS + ind/RA of 4] of 4] of 2[ o of of of of of 87| offFe] o 4] of 1| o] 1] o o
Cooling |PvAvS + indrdirion 0] 3| of 3] o] 2| of ol of of of o] ofgs| of 4] of 2] of o o o o] o

PVAVS + ind/dir/RA ol 31 of 3] of 2 of o] of o] o] o] offs| ofss] o 2| o o] of of of o
Ceoling and Fan Energy Use (kWh/m2)

direct g 10 11 9 10 12 15 16 17 15 16 17
4 ACH |indirect 14 16 13 15 16 18 22 24 25 23 24 25

dirfindir 13 15 18 14 15 18 24 26 27 25 26 28

direct 1 2 15 11 12 15 20 2 23 20 21 23
8 ACH [indirect 2 22 25 21 23 26 32 34 36 33 34 36

dirfindir 15 17 22 16 18 23 29 32 s 30 32 15

direct 12 13 17 12 14 17 22 23 26 22 23 . 26
12 ACH |indirect 25 27 M 25 27 3 39 44 44 39 M a4

dir-indirect 16 18 24 16 19 24 <Y 34 28 H 34 38
AIC PVAVS a0 35 51 34 kL) 61 54 59 76 58 64 86
Evap. |PVAVS +ind/OA 24 28 42 27 32 51 43 a7 61 46 51 70
Pre- PVAVS + ind/RA 26 30 45 30 35 56 46 50 65 50 55 75
Cooling |PVAVS + ind/dirfOA 22 25 38 25 29 46 39 43 55 42 46 62

PVAVS + ind/dir/RA 23 27 40 26 M 49 42 46 59 45 50 66




46 IEABCS Annex 28 Early design guidance for low energy cooling ;
b
Table 13
i
Location San Francisco CA
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high fow high low high low high low high low !
bldg location per Icor perlcor perlcor per!cor perlcor per Icor per Icor per Icor per Icor per Icor per Icor per |cor
Maximum Indoor Temperatures (C)
direct 26| 25| 27| 25]:30] 25| 28 zslgg 25(:°32] 25| 20| 28).30] 28] 32| 28|V% 32| 20{a4| 20
4ACH indirect 27| 26| 28] 26] 31| 26] 20| 27]233] o7 27}-:30] 28)+39) 20f 33] 20 34183 |
dirfindir 26 24| 26| 24] 28] 24 26] 24] 27| 24[%30| 24] 27[ 26| 28] 26 31 26 2715
direct 25] 24| 26| 24] 28] 24| 26] 24] 27| 24| 29| 24] 27| 26] 27| 26] 29| 28 26|33
8 ACH |[indirect 27| 25] 27| 25| 29| 25| 28] 26] 29| 26|v51] 26| 28| 28] 29| 28] -31] 28[<30] 29]:31] 20|
dirfindir 24| 23| 24| 23| 26| 23| 24| 23| 25| 23| 27| 23] 25| 24| 25| 24] 27| 24| 26] 24] 26| 24 l
direct 25| 24] 25| 24] 27| 24| 25| 24| 26| 24| 27| 24| 26| 25| 26| 25] 28] 25| 27| 26] 27[ 26
12 ACH lindirect 26| 25| 27] 25| 28] 25] 28] 26] 28] 26}:30 26| 28| 28| 28| 28] 30| 28] 20| 28] 29| 28|
dir-indirect 23| 23| 24| 23] 25| 23] 24| 23| 24| 23] 25| 23] 24| 24| 25| 24] 25 24| 25| 24| 25| 24| 26| 24
AIC PVAVS 24| 24| 24| 24] 24| 24] 24| 24 24| 24) 24] 24| 24 25| 25| 25] 25] 25 24| 25| 24| 25| 24| 24 ‘
Evap. |PVAVS +ind/OA 24] 24] 24| 24] 24] 24] 24] 24] 24] 24| 24] 24] 24| 25| 25| 25] 24] 25| 24| 24] 24| 24] 24| 24
Pre- PVAVS +ind/RA 24] 24| 24 24| 24] 24| 24| 24] 24] 24 24| 24] 24| 25| 24] 25| 24] 25| 24| 24] 24| 24| 24| 24
Cooling [PVAVS +indidiioa | 24| 24] 24] 24] 24| 24] 24| 24] 24] 24] 24| 24] 24| 25] 24| 25| 24 24| 24] 24] 24| 24] 24| 24
PVAVS + ind/dirfRA | 24| 24| 24| 24] 24| 24| 24| 24] 24] 24| 24| 24] 24| 25| 24| 25] 24| 24] 24] 24] 24| 24] 24] 24
Percent hours undercooled
direct ol of 1] of 3 of of of 2] o] 4] of 3] s 5] sl 8l s ~:5f - Bl 9
4ACH tindirect ol of 1] of 4] of 1] o] 2] of s o] a|i[-r]e] 6]y e (1]
dirfindir ol of of of 2] of of of 1| of 3| of 2| 4] 4 4] :7| o 3| 4.5 4[z:8] 4
direct of of of of of of of o] of of 1] o] of o of of 2| of o o 1 o 2 o
8 ACH indirect of of of of 1 of of of of of 1] of of of 1] o] 3 of 1 o] 2| o 3 o
dirfindir of] of of ol of of of of o o of of of of of of 1] of o o] o o 2f o
direct of of of of of of of o] of of of of of of of of o of o o o o o 0
12 ACH |indirect ol of of of of of of of of of o] of of o o of t| o o of o o 1 ©
dir-indirect ol ol of of of of ol of of of of of of ¢f of of of of of of of o 0o 0o
AIC PVAVS ol of of of of of of of of of of of of of of of o of o of o of o o
Evap. |PVAVS +ind/OA of of of of of of of of of o ol of of of o] o] of of of of o] o o o
Pre- PVAVS + ind/RA of of of of of o of of of of of of ol of of of o] of ol of o of of ¢
Cooling |[PVAVS + ind/dir/OA ol of of of o of o of o/ of of of of o of of o of o o o o of ©
PVAVS + ind/diriRA ol of of of of of of of of of of of of o o of o of o o of o 0o ©
Cooling and Fan Energy Use {kWh/mz2)
direct 4 5 6 4 5 6 12 13 13 12 13 14
4 ACH |indirect 5 7 8 6 8 9 17 18 19 17 19 19
dirfindir [} 7 ] 7 8 10 20 21 22 20 22 22
direct 4 5 7 5 3 8 14 15 16 14 16 17
8 ACH lindirect 6 8 10 7 ] 11 20 22 23 2 23 24
dirfindir [ 8 11 7 ¢ 12 22 24 26 23 25 26
direct 4 5 7 5 6 8 14 16 17 15 16 18
12 ACH |indirect 6 [ 11 g 10 12 3 23 25 22 24 26
dir-indirect 6 8 14 7 9 13 22 25 27 23 26 28
AIC PVAVS 20 23 Y] 25 a0 a4 18 a1 52 44 48 63
Evap. [PVAVS +ind/OA 19 24 28 43 36 39 49 42 46 61
Pre- PVAVS + ind/RA | mﬂ BFaonR ¥ e Wﬁﬂl
Cooling [PVAVS + ind/dirfOA 17 22 I 26 40__ 34 43 56
PVAVS +ind/difRA | BEF20%5 RE23R3 | RR35E g‘zaﬁ|ﬁ:{oﬂ iﬁ{sﬁ[ﬂa‘e@ S o R s T A s B [ 5 0B | B s
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Table 14
Location Halifax NS
internal gains low internal gains high internal gains
solar gaing low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location per|c°r per‘cor per Icor per lcor |per ]cor per Icor per [cor perlccr I_per[cor per lcor per Icor per fcor
Maximum Indoor Temperatures (C)
dirget 27| 26) 28] 26|%¥31] 26| 29| 26]¥30] 26834l 26[N31iN30jNaz e Rl L R
4 ACH |indirect 28] 26| 20| 26]¥a2( 2ef¥iz0| 27J¥31] 27[§3a| 27|Razfiz0fige[iz it
dirfindir 27] 25] 28| 2s5li31] 25| 20 26|¥30] 28/%53| 26|¥30{ 20[v3z : Rk ] RRPIRT
direct 26| 25| 27] 25] 29| 25 27| 26] 28| 261M31| 26] 28] 27| 20| 27f¥a] 27|Wa0 2sfRai]| e28ld
8 ACH |indirect 27| 26| 28] 26] 20| 26| 28] 28] 20| 26[Wa4] 26| 20| 268|836} 28feaz| 28lisr] 20[i31] 20]in:
dirfindir 26| 25| 27| 25] 28] 25| 27| 25| 28] 25[Wa6] 25| 28] 27| 29| 27iS30| 27[ 29| 28lFa0| 2
direct 26| 25] 27| 25| 28| 25| 27| 25] 27| 25| 20| 25] 28| 27| 28] 27| 29| 27| 23| 27| 29[ 27
12 ACH [indirect 27| 26| 27| 26] 28| 26| 27| 28] 28| z6[¥38| 26] 28| 27| 29| 27|E30] 27] 20| 28f 30| zs
dir-indirect 26| 25| 26| 25| 27| 25| 26| 25| 27| 25! 20| 25) 27| 26] 28] 26| 29| 26} 28 27| 28] z7[§
AIC PVAVS 24] 24| 24| 24] 24| 24| 24 24] 24f 24] 24 2a] 25] 25{ 25] 25] 25[ 25| 2] 25| 24| 24
Evap. |PVAVS +ind/QA 24| 24f 24| 24] 24| 24] 24 24] 24] 24 24] 24] 25 25] 25] 25] 24 25] 24] 24] 24 24
Pre- PVAVS + ind/RA 24| 24| 24| 24] 24| 24] 24 24] 24] 24| 24| 24) 24| 25| 25| 25| 24| 25| 24| 24] 24| 24
Cooling [PVAVS +indidiiOA | 24 24| 24| 24] 24 24| 24| 24] 24] 24] 24| 24| 25] 25| 25| 25] 24| 25| 24] 24] 24| 24
PVAVS +indidiRA | 24] 24] 24] 24| 24| 24] 24] 24] 24] 24] 24| 24| 24] 25| 24 25| 24| 25| 24| 24| 24| 24
Percent hours undercooled
direct o] o] 2 DF_WSI of 3] of 2] ofSEs] oftWsjivaliiolinedua]NaslNN
4ACH |indireet 1] o 2| ofWs| of 1| of 3 ofi¥e] ofSNasiiNERi0|® B[
dirfindir 0ol of 1 of 4 of o o] 2| o|§ks] o]¥TlEziive|aslEn el
direct 0]l o] of of 11 of of of of of 1 o 1 o 1 o] 3 of 1] o] 2] of 3] o
BACH [indirect of o of of 1] o of of of of 1| of 1| 4] 2| 1] 4] o 2f 9| 3] 4] 4f 4
dir/indir ol o of of of o o of of of 1| of of of 4] of 3| o] o of 1| of 3 o
direct ol ol of of of of of of of o of of of of of of 1] o] o of o of 1 o
12 ACH [indirect o] of of o] of of of of of of of of of of o of 1] of of of [ o 2| o
dir-indirect ol of of of of of of of of o of o] of of of of of of of of o o of o
AC  |PVAVS of of of of ol of of of of o] of o] of 1] of of of of of of of of of o
Evap. |[PVAVS +ind/OA of of of o] of of of of of of o o] of of of of of of of of of o of o
Pre- PVAVS + ind/RA o] of of of of o/ of of o] of of of of of of of o] of of of of ol o o
Cooling |PVAVS + ind/dirfOA 0l of of ol of of of of of of of o] of of of o] of o of of of o o o
pvavs +indidirRA | o) ol o of of of of of of of o of of of of of of of o[ of of of of o
Cooling and Fan Energy Use (kWhim2)
direct 4 5 6 5 5 6 9 10 10 9 10 10
4 ACH |indirect 6 6 7 6 7 8 11 12 12 12 12 13
dirfindir 7 8 9 7 8 9 14 15 15 15 16 16
direct 5 6 7 5 8 7 1 12 13 12 13 14
8ACH |indirect 7 g 9 7 8 10 15 16 17 15 16 17
dirfindir 8 9 11 8 9 1 18 19 20 19 20 21
direct 5 6 8 6 6 8 12 13 14 13 14 15
12 ACH [indirect 7 8 10 8 9 11 16 17 19 17 18 19
dir-indirect 8 9 12 8 10 12 19 20 22 20 “ 23
AIC PVAVS 16 18 19 2 35 29 32 40 a2 36 48
Evap. |PVAVS +ind/OA | NGB [N 1810 | 10 28100 | S 19000 [ o) 23 00 FR0 36 10 | N 300 | W 32000 [im A0 00 | Ry 3010 | W o0 b (MU 4B ERE
Pre- PVAVS + ind/RA !Mm\m A o R S 20 R SN 20 R L 2 AR A 7 e e NIW&@@%&KN N
Cooling |PVAVS + ind/dirfOA 16 18 | 28 19 22 | 35 |SNeemw[iwanhveinEnaialmeeg a7 I
PYAVS + ind/divRA PRI ZEE| S o R E 20 0 (SR a0 00 R@ESN]M‘J?M T T B R0y




48

IEA-BCS Annex 28 Early design guidance for low energy cooling

Table 15
Location Toronto ON
internal gains low internal gains high internal gains
solar gains low medium high low madiem high
Inertia high low high low high low high i low high low high low
bldg location Jper Icor per Icor per Icor per Icor per lcor per Icor per Icor Iper [cor par Icor per Icor Jper Icor per |cor
Maximum Indoor Temperatures (C) —
direct 20| 270830l 27bga| 27|mao| zsliisa| 2e|Mas| 28|Myi|Esolgsz| a0 3a ] B0l Ess| 8] s [ MR &1
8ACH [indirect 20| 28{F30| 28{Ws2| 28{F31| 29[l 20] 832|730 33 [ 3| 53 |31 | B33 |9z Waa a2 s 92
dirfindir 28 26] 20| 26)FE] 27] 20| 27}@30 27| §37 B30 E51 | B30 ] 233 | H30 | E 32 | B30 £33 B0 M54 ] 30
direct 28| 27| 29 2?|§3ﬁ1 27 %3’0 28}E3o! 26| B31 | & 30| E31 (230 32| B30l a2 |31 | Baz| Ba1 a3 @31
12 AGH [indirect 29| 28|W30] 28[E37] 28[¥30] 283t 28|Fs2| 2a}ETiEE0[ET: ﬁiﬁ-%ﬁii&'ﬁﬁ!ﬁ!@i &3 |
dir-indirect 28} 26| 29 zslgis’_o 26| 20| 27| 29| or|@s] 27}B30] 20lgnl 20[3F2! 2e(EsT%R0 3; !2,9,
direct 20| 27| 30| 27|¥31] 27[830| 2s[§¥ar| 2a|Ws2] 2efHs1{@30iFaijwiofas2lEs0|Fs2 33/ E3
16 ACH [indirect 20| 28[W%0| 28|¥az| 28[¥37| 20|FFi| 20|¥s2| 2oftFEz|EyTINSR PiTsIEET |2 ¥3a|§a32
dir-indirect 28| 27| 29| 27]iE0| 27] 29 28] 20| 20]®37| 20]80] 20]EE0] 20fE34| 20]E3T| so)¥3T| 3olFaz] 30
AlC PVAVS 25| 25| 25| 25| 25| 25| 24| 25| 24| 25| 24| 24| 25| 26| 25 26] 25| 26| 24| 25| 24] 25 24| 25
Evap. |PVAVS +ind/OA 25| 25| 25| 25] 25| 25| 2a| 2s] 2a] 25| 24| 24| 26| 27| 26] 27| 26| 27| 25| 26] 25| 26| 24| 25
Pre-  |PVAVS +ind/RA 25| 25| 25| 25| 24| 25| 24| 25| 24| 25| 24| 24| 25 26] 25| 26] 2s| 26] 24| 25] 24| 25] 24| 25
Cooling |[PVAVS + ind/diriOA | 25| 25| 25| 25] 25 25| 24| 25] 24| 25| 24| 24] 26| 26| 26| 26| 25| 26| 24| 25| 24| 25| 24] 25
PVAVS + indidivRA | 25| 25| 25| 25| 24| 25| 24| 25| 24] 25| 24] 24] 26] 26] 25| 26] 25| 26] 24 25] 24] 25| 24 25
Parcent hours undercooled
direct 2] 1] 4] 38 i) 3] 1] 4] fg@e] 1]®
8 ACH |indirect 3| _1[a¥s] 2 2| af of@s| ol off :
dirfindir | 2 afes] o 2f o] s 1fEEs] o NENIRE ( 4
direct IR EREEEREEEERE 2[50s] 2 3|&s| 3|EEe| 3|
12 ACH |indirect 2| 1| 3 afEisl 1] 2] 1] 3| 1|@Es] 1|Eis|  ¢EEe| 47 4|i6| 4[BT] 4
dir-indirect 1] o W of 2| of 1 of 1l of 3] o] 2 o] 3| afEms| 2] o 2] 3] 2fsms| =
direct i ol 1l of 2f ol 1] ol 4l of 2 1] 2] 1| 3| 2] 4] 2] 2 2 3] 2| 4] 2
16 ACH |indirect 1 1] 2 o] 3[ 1] 2f o] 2] 1] 3] 1| 3] 2| 4f 25| 2 4] 2 4 2@§ 2
dir-indirect o of 1| of 1] of 1] of 1] of 1] of 1l 4| 2l af 3| 4] 4l 4] 2f 1] 3] o
AC PVAVS o] 1] o] 1] o 1 o] o] o ol o] o tlge| 1)zus| o|&§s| o 1| o] 1] o] o
Evap. |PVAVS +ind/OA of 1] of 1] of of of of o] of of of 1|EEs] jmEs| of 4] o] 1] of o o] o
Pre-  |PVAVS +ind/RA o] 1] of 4 of of of of of of of of olEE] ofE¥el of 4] of of of o o o
Cooling [PVAVS + ind/diri0A of 1| o] [ of of of of of of of o] of 4 of 4] of 3[ of of of of o o
PVAVS + ind/dir/RA o of of of of of of of of of of of of a4 ofsEs] o 3] of of of of of o
Cooling and Fan Energy Use {KWh/m2)
direct 10 10 12 10 10 12 16 16 17 16 17 18
BACH [indirect 13 14 16 13 14 18 21 22 23 21 22 23
dirfindir 15 17 19 15 17 19 26 27 29 27 28 29
direct 1 12 14 1 12 14 19 20 21 19 20 21
12 ACH Jindirect 16 17 20 16 17 20 26 27 28 26 27 29
dir-indirect 17 19 23 17 19 23 30 32 24 31 32 35
diract 12 13 16 12 14 16 21 22 24 21 22 24
16 ACH |indirect 18 19 23 18 20 23 30 3 33 30 31 33
dir-indirect 19 21 25 13 21 25 33 a5 38 34 36 38
AIC PVAVS 22 26 37 25 29 44 40 43 53 43 47 61
Evap. |PVAVS +ind/OA 22 |pEeEE] 36 25 29 ﬂmﬂ|m5f4liﬂ4sﬂ Iﬂliﬂmﬂ
Pre-  |PVAVS +ind/RA 20 | o T e 72 D oy 1L @ -t e 0 @ G
Cooling |PVAVS + ind/diriOA 22 25 24 | 28 [ 43  |iaoNN |V R | BRI O SRE |4 TBE| 60
PVAVS + ind/dir/RA |23 | SaF2 0 | W57 | 2 1 | 2o I | B4 T A @ T 6]
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Table 16
Location Edmonton AB
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location per]cor per !cor Jper jcor per[cor perlcor per lcor perlcor per]cor pechor parlcor perlcor per |cor
Maximum Indoor Temperaturgs (C)
direct 26] 25| 27; 25]¥30| 25 28] 25] 29 zsl@az 25|30 28[831] 20ffa3 29_!.%53&'36 23| %30 Was| 0]
4ACH |indirect 27| 25| 23] 25f¥51] 25| 28] 26|ia0] 26li33] 26f¥F1| 20fize] 20]34] 20fFER[EFilNaalNid H3
dirfindir 26| 24] 27| 24] 20| 24| 27 24] 28] 24f83%| 24 20| 28{¥30]| 28]%32| 28lEa1| 20fFaz] 20 29
direct 25| 24] 26| 2a] 27| 24| 26| 24] 26| 24] 20 24] 27| 26] 28] 26] 20] 26| 28] 26] 28] 26[F31] 28
8 ACH [indirect 26| 25| 26| 25| 28| 25| 27] 25] 27| 2s{30| 25| 28] 27| 20| 27|¥a6| 27] 20| ov[¥s0]| 27i¥al| 27
dirfindir 24} 24| 25| 24] 27] zal 25| 24] 26| 24] 28] 24| 26{ 25| 27| 25| 29[ 25| 27| 25| 28] 25[@a0] 25
direct 24| 24] 25| 24] 26| 24 25| 24| 25| 24| 27| 24] 26| 25| 26| 25| 28| 25 28] 25| 27| 25 29 25|
12 ACH |indirect 25| 24| 26] 24] 27| 24| 26| 25| 26| 25] 28] 25] 27| 26| 27| 26] 20| 26| 28] 26| 28] 26{is0] 28]
dir-indirect 24| 23] 24f 23] 26| 23| 24] 23] 25| 23| 28] 23] 25| 24| 25| 24] 27] 24 25] 24] 26| 24] 28] 24|
AlC PVAVS 24| 24| 24| 24] 24 24| 24] 24 24] 24| 24] 2a] 25[ 25| 25| 25| 25] 25| 2a] 24] 24] 24| 24] 24|
Evap. |PVAVS + ind/QA 24 24| 24] 2a] 24| 24| 24| 24] 24| 24] 24| 24] 24] 25 25| 25] 24| 25| 24| 24] 24| 24| 24| 24]
Pre- PVAVS + ind/RA 24] 24| 24} 24| 24l 24| 24| 24| 24| 24] 24] 24] 24| 25| 25] 23] 24| 25| 24| 24| 24| 24| 24| 24]
Cooling [PVAVS + ind/diffOA | 24] 24| 24] 24] 24| 24| 24| 24| 24| 24| 24| 24] 24| 25| 24| 25] 24| 24| 24| 24] 24| 24] 24] 24
PVAVS +ind/dir/RA | 24| 24| 24| 24] 24] 24| 24| 24| 24| 24| 24] 24] 24| 25] 24| 25] 24] 24] 24 24] 24| 24 24] 24
Percent hours undercooled
direct of of 1] o] 4 o] 1] o] 2[ o] 4] ofgis] 4] { ajise! 4]EE|NEs
4ACH [indirect 1) of 2| ofs®s] o 1] o] 3| olfEs| ofSvei¥s SR g R R PR
dirjindir ol of 1 o] 3] of of of 1 o 4 of 4 3 s : 3lanr] 3% 4
direct of of of of 1] of of of of of 1| o] of of 1] of 3| of 1 of 1] o 3 o
BACH |[indirect of of of of s} of ol of of of 2[ o] 1] of 2f o] 3] of 1f o] 2| of 4] o
dirfindir of of of of o of of of of of of of of of of of 2| o] of of 14 o 2[ o
direct o] of of of of of of of of ol of of of of of of 1] o of of of of 1| o
12 ACH lindirect of of of of of of of of of of 4 o o o o o 1 o of of 1| o 1 o
dir-indirect of of of of of of of of of of of o] o of of of o] of of of of of of o
AIC PVAVS of of of of of of of of of of of of of 1 o] 1] o] of of of of of o o
Evap. |PVAVS + ind/OA of] of of of o of of of of of of of o of o] of of of of of of of of o
Pre- PVAVS + ind/RA of of of of of ¢ of of o of of of e 1 o 1] ol o o of of o o o
Cooling |[PVAVS + ind/dirfOA o] of o/ of o] o of of of of of of o o o of of ol of of of of o o
PVAVS + indfdir/RA o] of of o] of of of of of of of of of of of of of of of of o of of o
Cooling and Fan Energy Use (kWh/m2}
direct 4 5 6 4 5 5 8 9 10 9 ) 10
4ACH [indirect 5 6 8 6 7 8 11 1 12 1 12 13
dirfindir 6 7 9 7 8 9 13 14 15 14 15 16
direct 5 5 7 5 [ 8§ 10 " 12 11 11 13
BACH |[indirect 6 7 10 7 B 10 13 14 16 14 15 17
dirfindir 7 B 11 7 9 1" 15 17 19 16 17 20
direct 5 6 8 5 6 8 10 1 13 11 12 14
12 ACH |indirect 7 8 11 7 9 1 14 16 18 15 16 18
dir-indirect 7 9 12 8 9 12 16 17 20 17 18 2
AlC PVAVS 16 19 29 20 24 38 26 29 3 30 34 48
Evap. |PVAVS +ind/OA 15 18 28 19 22 16 25 27 7 29 | 32 46
Pre.  |PVAVS *indiRA AR o PN 30 00 SR 21 RN 24 TR M G0 i [ SR 07 S B s 0 e | A0 O | ST 3 1 IR | A 2 ST |l 50T
Cooling |PVAVS + indidir/QA 14 17 26 18 21 34 23 26 34 27 30 43
PVAVS + ind/dir/RA 15 18 28 19 22 36 25 28 a7 29 a2 46
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Table 17
Location Porto POR
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location per Icor per Icor per Icor per Icor Jper Icor per Icor per [cor per [cor Jper Icor per Icor Jper Icor per |cor
Maximum Indoor Temperatures (C)
direct 28] 27] 20| 2v]i30| 27
4ACH |indirect 20| 20|i30| 20]331| 20f8
dirfindir 27] 26| 27| 26] 28] e
direct 27| 26| 27] 26] 28| 26
8ACH |indiract 28] 28] 28| 28] 29| 28
dirfindir 25| 25| 25| 25} 26] 25
direct 26] 26{ 26| 26} 27| 26
12 ACH |indirect 28] 27| 28] 27| 20| 27| 29] 28] 20| 28[Ei0] 28[5F6| 20l 30[ 20} a0l zel:Flia0f= 3l 30]iaz] 0|
dir-indirect 25| 25| 25| 25| 25| 25 25| 25} 25| 25| 28] 25| 26] 26] 27| 26] 27| 2] 27| 27} 27] 27| 28] 27
AC PVAVS 25| 25| 25| 25| 2a] 25] 24] 25} 24] 25| 24] 25| 25] 26] 25[ 26] 25| 26 25| 25] 24] 25| 24| 25
Evap. |PVAVS +ind/OA 24| 25| 24] 25] 24| 25| 24] 24] 24| 24| 24| 24] 25| 25| 25| 26} 25| 25| 24| 25] 24| 25| 24| 25
Pre- PVAVS +ind/RA 2a| 25| 24| 25| 24| 25| 24| 24| 24| 24] 24| 24f 25] 25] 25] 25| 2s| zs| 24| 25] 24| 25| 24| 25
Cooling [PvAvS + indidiroa | 24| 25| 24| 2s] 24| 25| 24] 24] 2] 24 2a] 24} 25] 25| 25| 25] 25| 25| 24| 25| 24| 25| 24| 25
PVAVS + indidiiRA | 24| 25| 24| 2s] za| 25| 24] 24| 24| 24] 24| 24f 25| 25| 25| 25] 24] 25| 24] 25| 24| 2s| 24] 25

Percent hours undercooled

direct 3 4
4ACH |indirect ajlgliesles PEslius|i sl iel
dirfindir 2 1 3 1 4 1 2 2 3| 2|®ES
diract 1] of 1] o] 2] ol 4 1] 2 1] 2 6 ; 6
8 ACH |indirect 2| 2p 2 2| 3] 2] 2 2] 3 2| 3 [ 8] : ] i 49
dirfindir of o o of 1] of of o] of of 1] of 3] a4 4 4 4 4| 4] 4 a 4
direct of of e o] 1j ol 1| of 1 of 1] of 2| 2| 2] 2] 3[ 2 2f 2§ 3 2 2
12 ACH |indirect 1l ] 4] 1 2| 4| 1} o] 2| 1} 2| 1] &l 4] 4} 4f=s5] 4] 4f 4] 4] 4 4
dir-indirect ol of of of of of of of of of o of 1| 1 1| 1| 2] 1] 1 4 1} 1] 2| 1
AIC PVAVS of of of of of of of of o] of o] of of 2 of 2| of 2| of ] of 1] of o
Evap. |PVAVS +ind/OA of of of of of of of of o] of o] of of 2| of 2| of 1] of of of of o o
Pre- PVAVS + ind/RA ol of of ol of of of of o] ¢ o of of 21 o 2| of ¢+ ¢ of o of o o
Cooling [PVAVS + indidirfOA of of of ol of of of of o] of o] of of 1] of 4] o 1] o o o of o o
PVAVS + ind/dir/RA of o] of ol of of of of o] of o] of of 1 of 1| of 1] of o] of o] o o
Cocling and Fan Energy Use (kWh/m2)
direct 7 8 8 & 8 8 15 15 15 15 15 15
4 ACH indirect 10 11 11 11 11 12 19 20 19 20 20 19
dirfindir 12 13 13 13 13 14 25 25 24 25 25 24
direct 9 10 1 10 11 1" 22 22 22 22 23 22
BACH |indirect 14 15 16 15 16 16 30 30 30 30 30 30
dirfindir 14 15 16 15 16 18 35 36 35 36 a7 36
diract 10 11 12 1" 12 13 25 26 25 25 26 26
12 ACH |indirect 16 17 18 17 18 19 35 36 35 36 36 36
dir-indirect 15 17 18 17 18 19 39 40 40 40 a1 41
AIC PVAVS 28 30 36 33 a5 42 57 59 63 61 63 69
Evap. |PVAVS + ind/OA 28 32 34 41 56 57 62 60 62 67
Pre- PVAVS + ind/RA o] Hsh‘ﬁlﬂa‘s‘ﬂ I |Else i [ conty | Bilea il | Rl 0| e T | BG0
Cooling [PVAVS + ind/dirfOA 27 3 33 59 | 61 66
PVAVS + ind/difRA | ESI308E m’sﬂmlﬁsa@ Hﬂﬁ]ﬁiﬁﬁ 30 | e B | ies 1 | BaT0ES

ama
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Table 18
Location Lisbon POR
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location per Icor perlcor |per|ccr per]cor per Icor perlcor per[cor per Icor per !cor perlcor I_perlcor per |cor
Maximum Indoor Temperatures {C)
direct 29 27[E32] 27|Rs0] 28]831] 281833 ) B REN R R PR B [ S EED
8 ACH [indirect Na0] 28f; 23|§“:§:’3‘ 28/831] 29|832] 20f3%5 1 SRR B B T B o )
dirfindir 27| 26| 28 zs|§§,3‘b 26| 29 26| 29} 26{¥32 +32] 28[%31] 29fi 32 “34] 20
direct 28| 27| 20 27| 20| 27]530] 27)naz !_ §32 | RS 29
12 ACH |indirect 20| 28/F30 28[531] 29]Nat| 20/833] 20}331 30|58 321530] F33| 590 32| T3] 533 31531
dir-indirect 27| 25| 27 25| 27| 26| 28] 26|30 26] 28] 27] 20| 27fi30 3] 28
direct 28] 27| 29 27] 29| z8| 30| 28|§a31| 28] 20| 29| 30| 29f83t &32] 29
16 ACH [indirect 30| 2a(%70 28|§31] 20|%32| 20|%33| 20531 [n30[%at]8a0] 33[¥30 1] 24] 31
dir-indirect 27| 26| 27 26| 27) 26] 28| 26| 29| 28] 28| 27| 28] 27] a0 L3 27
AIC PVAVS 25| 25| 25 25| 24| 25] 24| 25] 24| 25| 26| 26| 28] 26| 25 24| 25
Evap. |PVAVS +ind/DA 25| 25| 25| 25| 25| 25| 24 25| 24| 25| 24| 25| 25| 26] 25 28] 25| 25| 24| 25| 24| 28] 24] 25
Pre- PVAVS + ind/RA 25| 25| 25| 25| 25] 25| 24 25] 24| 25| 24| 24] 25| 26] 25] 26] 25| 25| 24] 23] 24] 25] 24| 24
Cooling [PVAVS + Ind/dinOA | 25| 25| 25| 25] 25| 25| 24| 25| 24| 25| 24| 24] 25| 26| 25| 25| 25| 25| 24| 25] 24] 25] 24] 24
FVAVS + ind/divRa | 25| 25| 25] 25] 25| 25] 24| 25] 24| 25| 24| 24] 25} 25| 25| 25| 25| 25 24] 25| 24] 24 24| 24
Percent hours undercooled
direct 3] 15es| [kwe] 1] 3] 1[ee] e e
BACH |indirect Nis| o|iWe! sftwo] a[iws| 2[ive 2_&1'{3] 2
dirfindir 2| o] 3] oz o 2| of 3] ofws o s
dirgct 2l of 2| of 4f of 2 1) 2| 1] 4] 1 3 3
12 ACH [indirect 3 1] 4| 2f¥e] 2| 3] 2 a] 2|8us] 2fwisfs Sophee)  4lis 4
dir-indirect of of 1] of 3] of 1] of 1] of 3 of 3 10 3] 1 3 1
direct 1 of 1] o 3 of 1] o] 1] o 3] of 2 2l 3] 1] 3 1
16 ACH [indirect 2|l 1] 2l ] 4] 1] 2] 4] 3] 9] 4] 1] 4 3] 4] 3)s 3
dir-indirect of of of of 1 of of of of of 1| o = of 1t o] 2 0
ANC PVAVS of 3| of 3] of 2| of 1 of 1] of of 1 al of 2] o 0
Evap. |PVAVS + ind/OA o] 20 of 2] of 2| of o] of of o] of o 3] of 1] o 0
Pre- PVAVS + ind/RA ol 2| of 2] of 2| of of of of o] of o 3l of 1] o [}
Caoling |PVAVS + ind/dir/OA of 21 of 2] of 1 of of of o] o of o 2l of o] o 0
PVAVS + ind/dir/RA ol 2] of 2] of 1] of of of of of of o 2l of o o 0
Cooling and Fan Energy Use (kWhim2)
direct 14 16 18 14 16 18 25 26 27 25 26 27
8 ACH |indirect 20 22 24 20 22 24 33 34 a5 32 a4 35
dirfindir 22 25 29 22 25 28 40 42 44 40 42 44
diroct 16 18 21 16 18 20 29 30 32 28 30 32
12 ACH |indirect 23 25 29 23 26 29 39 a 43 39 M 43
dir-indirect 24 27 33 25 28 32 a6 48 52 45 a8 51
direct 17 19 23 17 19 22 31 33 a5 31 33 35
16 ACH |indirect 26 28 33 26 28 33 43 46 49 43 45 48
dir-indirect 26 29 35 26 29 5 49 52 56 48 51 55
AIC PVAVS 38 43 59 44 51 72 65 70 B6 7 78 99
Evap. |PVAVS +ind/OA 37 42 58 44 50 72 64 69 85 70 77 99
Pre-  |[PVAVS + ind/RA a0 NN e R I s0 i Ioras T [ s v et | B o e ima m’,nﬁ%qmnm o
Cooling [PVAVS + ind/dirfOA 36 42 57 43 49 71 63 68 84 69 76 97
PVAVS + ind/difRA  JRa 30 b A5 00 a2 e [ s e e ee e b B T
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Table 19
Location Trappes FR
internal gains low internal gains high intarnal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg lecation Iper]cor perlcor lperlcor perlcor lPerlcor par[cor l_per]cor per]cor perlcor per1cor perlcor per [cor
Maximum Indoor Temperaturas (C)
direct 24| 24| 25 24] 28 24| 25| 24| 26| za[@30| 24] 27| 26| 28] 26fF30] 26] 20| 26}E30] 26|E33| 26
4ACH [indirect 28| 27| 20| 27)&32| 27[#30] 27|E37| 28|E3 zalﬁlﬁ B3| Ba2jiss| sz (03| IS Hs | B53 | &)
dirfindir 24| 23] 25| 23] 27| 23| 25| 24| 26| 24| 20| 24] 26| 25| 28] 2s|§30| 25| 28| 25] 29| 25|E3z| 25
direct 24| 23| 24] 23] 25| 23| 24| 23] 24| 23] 25| 23| 24| 24| 24] 24| 26| 24| 24| 24] 25[ 24| 27] 24)
8ACH |indirect 26| 25| 27| 25| 20| 25| 28] z6[ 20| 26[®3A] 26| 20| 28| 20| z28]Edi| 28|@E6| 20)8F1[ 20|W33] 29
dirfindir 23| 23] 24] 23] 24| 23] 24| 23] 24| 23] 25] 23] 24] 24] 24| 2a] 2] 2a] 24] 24] 24] 24] 26] 24|
direct 23] 23| 23] 23] 24| 23] 23| 23] 24] 23] 24] 23] 24 23] 24| 23] 24] 23] 24] 23] 24f 23] 25] 23
12 ACH |indirect 26| 25| 26] 25] 28] 25 27] 26] 28] 26| 20 26] 28] 27| z8] 27| 29| 27| 29| 28] 29 28|¥%FA| 29
dir-indirect 23| 23| 23} 23| 24| 23} 23| 23] 23] 23] 24| 23] 23] 23] 24| 23] 24 23] 24| 23] 24] 23] 24| 23
ANC PVAVS 24| 25] 25| 25| 25| 25] 24] 24] 24 24| 24| 24] 25| 26| 25| 26] 25| 25| 24| 25] 24| 25| 24] 25
Evap. |PVAVS +ind/OA 24| 25| 24| 25] 25| 25 24| 24| 24 2a] 24| 24] 25| 25| 25| 25] 25| 25] 24| 25] 24] 25| 24] 24
Pre-  |PVAVS +indiRA 2a) 24| 24| 2a] 24 24| 24] 24| 24| 24} 24| 24| 24] 25 25 25] 24| 25| 24] 24] 24| 24| 24] 24
Cooling [Pvavs + indidirioa | 24 24| 24| 24| 24| 2a] 24] 24] 24| 24] 24| 24| 24] 25| 25{ 25] 24| 25] 24| 24] 24| 24| 24] 24
PVAVS + indidinRA | 24| 24| 24| 24| 24| 24| 24f 24] 24| 24| 24| 24] 24| 25| 24| 25| 24| 25| 24] 24| 24| 24| 24] 24
Percent hours undercooled
direct ol of of of 1f of of o] o of 2f o 1 ﬁ 1
4ACH [indirect o fewe] afmn] o o qfEs| ofmn| oJEGIRSIE oL ¢
dirfindir of of of of 1] of of of of o] 2| of 4] 1 ;';5:‘- o 1 Q| 1 1 ls 1
direct of ol of ol o of of of of of of of of of of of of of of of of of 1f o
8 ACH |indirect o] ol 1 of 3] of 1 of 1 of 3] o] 3] 2 4 2eKe] 3| 3| 2] 4 2|86 2
dirfindir of of of of of of of of of of o] of of of of o of of of o] o] of 1| o
direct ol o] of of of of of of ol of of of of of of of of of o o] o] of o o
12 ACH [indirect o] of of of 1] of of of of of 1] of 1] 1] 1] 4] 3| 1] 1] 1] 2f 9] 3] 1
dir-indirect of of of of of of of of of of of of of of of o of of of o] of of of o
AIC PVAVS of of of of of of e of of o of of of 3| of 3 o 3] of of of o of o
Evap. |PVAVS +ind/OA o] of of of of of of of of of of of of 2] of 2] of 1 o of o] of of o
Pre-  |PVAVS +ind/RA o] of of of of of of of of of of o] of of ol of of ol of of of of of o
Cooling [PVAVS + ind/diri0A o] o of ol o[ of o of of of of of of ol o of ol of of of of of of o
PVAVS + ind/dir/RA o] of of of of of of o] of of of of of of of of of of of o] of of of o
Cooling and Fan Energy Use (kWh/m2)
direct 4 4 5 4 4 6 11 12 11 11 12 1
4ACH [indirect 8 9 10 8 9 10 16 16 16 16 16 16
dirfindir 6 7 8 6 7 9 16 17 16 16 17 17
direct 4 4 5 4 5 12 13 13 12 13 13
B8ACH [indirect 10 11 13 10 1 13 21 22 22 21 22 22
dir/indir 6 7 9 7 7 10 17 19 19 18 19 19
direct 4 5 4 5 6 12 13 13 12 13 13
12 ACH |indirect 11 12 14 11 13 14 23 24 25 23 25 25
dir-indirect 6 7 g 7 8 10 18 19 19 18 19 20
AC PVAVS 18 21 29 22 26 37 34 37 a5 38 a2 52
Evap. |PVAVS » ind/OA 18 21 20 22 25 36 33 36 43 37 41 51
Pre-  |PVAVS +ind/RA 17 19 26 20 23 31 28 30 36 31 34 43
Cooling |PVAVS + ind/dir/OA 11 12 17 13 15 22 21 22 26 23 25 31
PVAVS + ind/dir/RA 1 12 17 13 15 21 20 22 26 22 24 30
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Table 20
Location Carpentras FR
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location |per |cor per]cor per |cor per[cor per \cor |per [cor per |cor |per ]cor {per |cor per]cor per |cor |per |cor
Maximum Indeor Temperatures (C)
direct 26| 25| 26| 25| 28] 25| 27] 25| 27| 2s[¥30] 25| 28| 27| 28] 27[¥30] 27| 29| 28[330] 28[v3z] 28
4ACH indirect 26| 25| 27| 25| 28] 25| 27| 26| 28| 26|¥3%] 26] 28] 27| 28] 27¥at] 27|¥%e] 28]3A] 28|Vmal 28
dirfindir 25| 24| 26] 24| 27| 24| 26] 25| 27| 2siya0] 28] 27] 27] 28| 27[ise] 27| 20l 27|dEc| 27[Ean| 27
direct 25| 24| 25| 24] 26| 24| 25| 24] 26| 24 28] 24] z6] 25| 26] 25| 28] 25| 27] 26] 28] 26]%31] 26
BACH lindirect 25| 24| 26| 24] 27| 24| 26| 25| 26| 25] 29| 25| 27| 26| 27| 26} 20] 26] 28] 27] 28] 27[¥3z] 27
dirfindir 24| 23| 25| 23| 26| 23| 25] 24| 25| 24| 27| 24| 25| 25] 26| 25] 28] 25 27) 25| 27| 25| 29 25
direct 24| 24| 25) 24| 26| 24| 25| 24] 28] 24| 27| 24] 25] 25| 26| 25] 27] 25] 27| 25| 27| 25] 29] 25
12 ACH |indirect 25| 24| 25| 24] 26| 24| 26| 25| 26 2s| 28] 25} 26! 25| 26] 25| 28l 250 27] 26] 28] 26[E96) 26
dir-indirect 24| 23] 24{ 23] 25{ 23| 24| 23] 24| 23] 26| 23] 25] 24| 25] 24] 27[ 24] 26| 24] 26| 24| 23] 24
AC PVAVS 18] o 19] o] 22[ 10 21] 12] 21| 12| 23] 13] 22| 18| 22| 19f 23] 20] 22] 22] 23] 22f 23] 2
Evap. [PVAVS +ind/OA 18| o 19] o] 22| 10| 21| 12] 22| 13| 23] 13} 22{ 20| 22| 20] 23] 20] 22| 22| 23] 22] 23] 22
Pre- PVAVS + ind/RA 18| 9| 19] o] 22| 10| 29§ 12] 22 13] 23] 13| 22] 19| 22| 20] 23] 2a] 22 22| 23] 22| 23] 22
Cooling [PVAVS +ind/diioa | 18| o] 20 9| 22| 10 21| 12| 22| 13| 23| 13] 22| 20| 22] 20| 23] 20| 22] 22[ 23] 22 23] 22
PvAVS +ind/diRA | 18] of 20] o 22] 10| 24 12| 22[ 13] 23] 13] 22 20] 22 20| 23] 20] 22] 22| za| 22| 23| 22
Percent hours undercogled
direct [Ss] a[ive] b 3J8 HELEE EDEE RN siEEn D EIE
4ACH [indirect Seiis[aerislive Wa| 4 T Y ) T NI A L 3 T R S X
dirfindir 4] z|awe] 2f8 4 2 U EE B B R B RN e ED
direct 2] 1| 3] 1 1| 2] 1) 2] 1] 4] 1] 4] asus| alawer 3| 4] 3lss
8 ACH [indirect 3| o[ a| 2|5 o[ s 2| 3| [ o|S5is[ivelms|aivinigs alvus| el 4l
dirfindir A o] 1] of 3 o] 1] of 1 of s of | 2| o =2lws] 2| 3| 2| 4] ziwws| 2
direct 1u1u|zu1o|1ozozzaz4zz131':41
12 ACH |indirect 2] 1] 20 ] 3] 1p 2| ] 2] o] 3] o] a] a] o] a)ams| sl a| 3 4] s[@s] 5
dir-indirect of of of of 1 of of of of of o of 1] of 2| o] 3| of 1| of 2f o] 3] o
AC  [PVAVS o] aof of of of of of of of of of of of of of o] of of of of ol o of o
Evap. |PVAVS +ind/OA ol of o] of of of of ol of of of o of of of of of of of of o o of o
Pre-  |PVAVS +ind/RA ol o] of of of of of of of of of of of of of of of of of o] of of of o
Cooling [PVAVS + ind/diriOA o] of of o] of of of of of of of of o] of of o of of of of of o o o
PVAVS + ind/dir/RA ol of of of of of of of of of of of o] of o of of of of of of ¢ of o
Cooling and Fan Energy Use (kWh/m2)
direct 10 10 10 9 9 9 10 10 10 10 10 10
4ACH |[indirect 1 11 1 10 11 11 12 12 12 11 1 12
dirfindir 13 14 13 13 13 13 15 15 15 14 14 15
direct 12 12 12 12 12 12 13 13 13 13 13 14
BACH [indirect 14 15 15 14 14 14 16 16 16 15 16 17
dirfindir 17 17 17 16 16 17 9 20 20 19 19 20
dirpet 14 14 14 13 13 14 15 15 15 14 15 16
12 ACH |indirect 17 17 17 16 16 17 19 19 19 18 18 20
dir-indirect 19 19 20 18 18 19 | 22 22 22 FX 21 23
AIC PVAVS 47 53 73 59 65 89 75 80 100 84 B8 14
Evap. |PVAVS +ind/OA 45 51 7 56 62 86 72 77 96 80 84 106
Pre- PVAVS + ind/RA 43 51 |7y s7 64 [SHe N INETe M B edEn o4 (B ee BB I 01 B 6815
Cooling [PVAVS + ind/diriOA 43 49 68 54 60 83 68 74 92 76 81 102
PVAVS + Ind/dir/RA 42 49 71 55 62 87 72 78 98 81 86 109
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Table 21
Location Nice FR
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location per]cor per[cor peﬂcor per Icor Lper|cor per|cor lper|cor per lcorlperlcor perlccr per |cor |per |cor
Maximum Indoor Temperatures (C}
direct 26| 25| 26| 25} 28] 25| 26] 25| 27| a2s[wa1| 25] 27| 27] 28] 27] '3q]| 27| 20] 27)i3 27
4 ACH |indirect 26{ 25| 26| 25 28{ 25| 28] 25| 27| 25;%31| 25] 28| 27| 28] 27] 3| 27|30 28
dirfindir 25| 24| 26| 24} 28| 24| 26 25] 27| 2s|iWo] 25| 27| 27] 28| 27]-31| 27| 20 27
direct 24] 23] 25| 23] 27| 23| 25| 24] 28| 24 24| 26| 25| 26| 25] 28] 25| 27 25
8 ACH [indirect 24| 24] 25] 24] 27| 24] 25| 24] 26] 24 24| 26| 25| 27| 25] 29] 25| 27 26
dirfindir 24] 23] 25] 23] 26] 23] 25| 24] 26f 24 24| 26| 25| 28| 25| 28| 25| 27 25
direct 24| 23] 24| 23] 26] 23] 24] 23] 25] 23 23] 25| 24| 26] 24] 27| 24| 28| 25| 27 25
12 ACH |indirect 24| 23| 24| 23] 26| 23] 24| 24] 25| 24 24] 25| 25| 26| 25| 28| 25| 27| 23] 27 25
dir-indirect 24| 23| 24| 23] 26| 23| 24| 23] 25| 23 23] 25f 24| 26| 24] 27| 24| 26| 24| 27 24
AIC PVAVS 19| 12| 20| 120 22| 12| 21| 4] 22| 14] 23| 14] 22] 20| 22| 20| 23| 20| 23] 22| 23 22
Evap. [PVAVS +ind/OA 19] 12| 20| 12] 22| 12| 21| 14] 22| 14] 23] 14] 22| 20f 22| 20] 23} 20| 23] 22| 23] 22| 23] 22
Pre- PVAVS + ind/RA 19| 12| 20| 12] 22| 12] 21| 14] 22| 14| 23| 14] 22| 20| 22| 20| 23| 20{ 23] 22] 23| 22| 23| 22
Cooling |PVAVS + ind/dirfOA | 19| 12| 20] 12] 22| 12] 21| 14] 22| 14| 23] 14] 22| 20] 22| 20] 23] 20} 23| 22] 23| 22| 23] 22
PVAVS +indidirfRA | 19| 12| 20] 12| 22] 12] 21| 14] 22| 14| 23] 14| 22| 20| 22| 20f 23] 20| 23| 22] 23| 22| 23] 22
Percent hours undercooled
direct 7 9 4 alzaosaol T o]l 50 E10] 2] S0l 5 0
4 ACH |indirect 7 8 pjids| iA61s 5|30l 2 2 :
dirfindir s| 4] sl afugs] afir] sl #ol; it | a0 ool Fo 10 o
diract 2] b a] afmist af 2] | 3] 1i@Es|  1]:¥e|Zisigfelifs|cuslns|Ms|Es| 6w Rl
8ACH |indirect 3| 2] 4] 2fus] 2| s8] 2| 4] 2lmEs] ofcEelideimizligeliwsluvelve|EEs]: 5
dirfindir 2l ol 3| ol a4 o 2| of 3 o 4] ofiEs gl 4]: 41385  afaEs| 4iE¥e! 4
direct 1t of 2| o] 3 o 1] of 2 o 3| of 4 2 2] 3l 2| 3| aj=s| 2
12 ACH |indirect 2] a] 2] a| 4] o] 2] ] 2] 1} 4] 1] 4 4l 3 3] 4] 3| 4 3@?’6 3
dir-indirect 1 o 1| of 2| of 1] of 1| of 2f of 2 3 2 2] 21 1 3] 1] 4] 1
NC PVAVS of of of o] of o] of of of of of of o o] 0 o] of of of] of o] ©
Evap. |PVAVS +ind/OA of of of of of of of of of of of of o of o ol e¢f of of of o] o
Pre- PVAVS + ind/RA of of of o] of of of of of of o of o ol © o] of of of o o o
Cocling |PVAVS + indidirfOA of of of of of of of o] of of of o o o] o of of of of of o] ©
PVAVS + ind/dir/RA ol of of of of o] o n] ol of of of o o] o 6|l of of of of o] 0O
Cooling and Fan Energy Use (kWh/m2)
direct 9 9 9 9 9 9 10 10 10 9 9 10
4 ACH |indirect 10 11 10 10 10 11 12 12 12 1" 1 12
dirlindir 13 13 13 12 13 13 15 15 15 14 14 16
direct 12 12 12 11 11 12 13 13 13 13 13 14
8 ACH |indirect 14 14 14 13 14 15 16 16 17 15 16 18
dirfindir 17 17 18 16 17 18 20 20 2 19 20 22
direct 13 14 14 13 13 14 15 15 16 14 15 17
12 ACH |indirect 16 17 17 16 16 17 19 19 20 18 18 22
dir-indirect 19 20 20 18 19 21 23 23 25 22 23 26
AlC PVAVS 49 56 80 64 73 96 77 B84 105 84 92 111
Evap. |PVAVS +ind/OA 48 55 78 62 A 95 75 82 103 81 83 108
Pre-  |PVAVS + ind/RA 47 56 |a63iN | Bca 8| Bn75 0| Bei0100 | BRA0 L By A SY @ﬁb%|m?m‘ﬁ§&% Een
Cooling [PVAVS + ind/dirfOA 46 53 76 59 69 | 92 73 79 99 78 85 105
PVAVS + ind/dir/RA 46 54 79 61 ™ |§§§97%&§ 77 8d  |eF1os®| e3 91 |BEER
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Table 22
Location Eelde NETH
internal gains low internal gains high internal gains
solar gains low madium high low medium high
Inertia high low high low high low high low high low high low
bldg location __lpar [cor pechor Jper |cor |per !cor fper Icor perlcor per |cor perlcorlperlcor per]cor per |cor |per |cor
Maximum Indoor Temperatures (C)
direct 24| 23| 25| 23] 27| 23] 25| 24| 26| 24| 20] 24] 26] 25] 27 25'_29 25| 28| 27] 29| 27|®32] 27
4ACH [indirect 25| 23| 25| 23] 27] 23| 26 24| 27| 24 20] 24| 27| 26| 28] 26]¥30] 26| 20] 27]W30| 27[Wsz] 27
disfindir 24] 23| 24f 23} 26] 23] 25| 23] 26| 23] 28[ 23] 26| 25| 27] 25| 28] 25| 28] 26] 20| 26[Wai] 26
diract 23| 22| 24) 22| 25| 22} 24| 23] 24| 23] 27{ 23] 25 24| 25| 24] 27{ 24] 26] 24] 27 24[-29 24
8 ACH [indirect 24| 23| 24] 23] 26| 23| 25| 24] 25| 24| 27] 24] 25{ 25| 26| 25] 28| 25] 27| 25| 28 E@’aﬁ 25
dirindir 23| 22| 23| 22| 24| 22| 23| 22] 24| 22| 26| 22] 24| 23] 25[ 23] 28] 23] 25] 24| 26] 24 27] 24
direct 23| 22| 23| 22] 24 22] 23| 22| 24| 22| 25 22| 24| 23| 24| 23] 28] 23] 25| 24| 26] 24| 27] 24
12 ACH |indirect 24| 23| 24| 23] 25| 23] 24| 23] 25| 23| 27| 23| 25| 24| 25| 24] 27] 24] 26| 25| 27] 25] 28] 25
dir-indirect 22| 22| 23| 22] 24| 22| 23| 22| 23| 22| 25| 22| 23| 23| 24| 23] 25| 23] 24| 23| 25| 23| 26| 23
AIC PVAVS 18] 10] 19] 10f 22| 11| 21| 12] 22| 12| 23] 13] 22| 20| 22| 20] 23] 20f 22| 21] 23] 21| 23] 21
Evap. |PVAVS + ind/DA 18] 10] 20] 10] 22 10| 21} 12| 22| 12| 23| 13] 22| 18] 22| 20] 23] 20| 22| 21] 23] 21| 23] 21
Pre- PVAVS + ind/RA 18] to| 20 10l 22| 11| 21] 12| 22| 12] 23] 13] 22| 18] 22] 20| 23] 20] 22| 24] 23] 29[ 23] 29
Cooling |PVAVS +ind/diviOA | 18] 10] 20/ 10 22; 10] 21| 12| 22| 12| 23] 13] 22| 20] 22| 20| 23] 20] 22| 21] 23| 21| 23] 21
pvavs +ind/dirRA | 18] 10} 20] 10| 22] 10| 24| 12| 22| 12] 23] 13| 22| 20| 22| 20] 23] 20| 22| 21] 23] 21| 23] =
Percent hours undercosled
direct of of 1] of 3] of 1] o] 41 of | ofu¥siuies|weste[nve[sue[ius[iie]ie
4 ACH [indirect 1 of 2| of 3] of 1] o] 2f of | ofiis]ielwewee]wirue]us|Ree]ae
dirfindir 0] of 1] of 2/ of o o] 4 o] 2| ofi¥siEis|Eiel sl Ee (NS %slms
direct of of of of of of o of of of of of of aof 1] o 2] of of of 1| of 2| o
8 ACH |indirect 0 o of of 1 of of of of of 1 of 1] of 1 o 2 of 1 o] 1] o] 2| o
dirfindir o]l of of of of of of of of of of of of of o of 1] of of of of of 1| o
direct ol of of of of of of of of of of of of of of of of of o of o e o o
12 ACH |indirect ol of of of of o] of of of of o ol o of of of 1| o] of of o] of 3| e
dir-indirect ol of of of of o of of of of of of of of of of of of of of o of of ¢
AJC PVAVS ol of of of o of of of of of of o] of of of of of o of o ¢ of of o
Evap. |PVAVS +ind/OA ol of of of of o of of of of of of of of of of of of of o o o o o
Pra- PVAVS + ind/RA o] of of o of of of of of of of of of of of of of o o of of ol of o
Coocling |PVAVS + ind/dirfOA ol of of o] of of of of of o] of of of of of of of of of of of of of a
pvavs +indidifRA | o] o o] of of of of of of of of of of of of o of of of of of of o o
Cooling and Fan Energy Use (kWh/m2)
direct ~ 9 9 9 8 ] :] 9 9 9 9 9 9
4ACH |indirect 9 10 10 9 9 9 10 10 10 10 10 10
dirfindir 12 12 12 11 1 1 13 13 13 13 13 13
direct 10 11 11 10 11 12 11 11 11 11
8 ACH |indirect 11 12 12 1 13 13 13 13 13 13
dirfindir 14 14 14 13 16 16 17 15 16 16
direct 11 1 12 1 12 12 13 12 12 12
12 ACH |indirect 12 13 13 12 14 15 15 14 14 14
dir-indirect 15 15 16 14 17 18 18 17 17 17
AIC PVAVS 35 g9 55 42 58 62 77 63 69 87
Evap. [PVAVS +ind/OA MNash R so N se I 42 ag S B TR 7amiﬁﬁsaﬁim-|-sam
Pra-  |PVAVS + ind/RA 32 38 Jivse M a1 R fRE 1 W eo N | B 02 B | a7 00 | I 72 M [ IR 02 0%
Cooling |PVAVS + ind/dirfOA 34 39 55 4 | a7 | e 57 61 | 76 | 2 68 86
PVAVS + ind/dir/RA 32 I AT I T S R T B T E s e
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Table 23
Location Kew GB
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location |per [cor per Icor per |cor |per !cor per Icor per Icor |per l:or per [cor Jper |cor per |cor [per |cor per |cor
Maximum Indoor Temperatures {C)
diract 24| 23] 24| 23] 28| 23| 25| 23] 25| 23} 28| 23] 26| 26| 27| 26| 28| 26| 28 26| 28| 26 @LZI‘I 26
4 ACH lindirect 24| 23| 25| 23| 26} 23| 25| 24] 26| 24] 28| 24] 26| 26| 27| 26] 29| 26| 28| 27| 29 27|EA| 27
dirfindir 230 23] 24| 23| 25| 23| 24| 23] 25| 23| 27| 23] 26 25] 26| 25| 28| 25| 27} 26| 28| 26jFI0| 26
direct 23| 22| 23| 22] 24| 22| 24| 23] 24| 23| 26| 23] 24| 24| 25| 24] 26] 24| 26| 24} 26] 24 -28 24
8 ACH |indirect 23| 23| 24| 23] 25] 23| 24| 23] 24| 23| 26| 23] 25| 24| 25| 24] 27| 24| 26| 25] 27| 25f 28| 25
dirfindir 22| 221 23| 22] 24| 22| 23| 22] 23| 22| 25| 22] 24| 23| 24| 23] 25| 23| 25| 24] 25| 24| 27| 24
direct 23] 22] 23] 22| 24| 22{ 23| 22| 23] 22| 25{ 22| 24| 23] 24| 23] 25] 23| 25| 23] 25] 23| 26| 23
12 ACH [indirect 23| 23| 231 23] 24| 23| 24] 23] 24| 23| 26| 23] 24| 24] 24| 24] 26] 24| 25| 24] 26] 24| 28] 24
dir-indirect 22| 22| 22] 22} 23| 22| 23] 22| 23| 22| 24| 22| 23| 23] 23| 23] 24| 23| 24| 23] 24] 23| 26| 23
AIC PVAVS 17] 11 19] 11§ 21 11| 200 13f 21| 13] 22| 14] 22| 20| 22| 20| 23] 20] 22| 22 23| 22| 23] 22
Evap. PVAVS + ind/QA 17 11} 19 11] 21| 11 20| 13] 21| 13| 22| 14] 22| 20] 22| 20] 23| 20{ 22| 22] 23] 22| 23] 22
Pre- PVAVS +ind/RA 17| 11| 19| 1] 24 11| 20| 13] 24| 13| 22| 14] 22| 20% 22| 20] 22| 20] 221 2] 23] 22| 23) 22
Cooling [PVAVS + ind/dirfOA 17| 11| 19] 1] 21| 11| 20 13| 21| 13| 22| 14] 22| 20| 22| 20] 22| 20 22| 22| 23] 22| 23| 22
PVAVS + ind/dirRA 17| 11| 19] 11 21| 1] 20 13| 21| 13| 22| 14] 22| 20f 22| 20| 22| 20| 22| 22| 23] 22| 23] 22
Percent hours undercooled l
direct o] o 1] o] 2] o] o] o] 1] o 2| o] ais|ws|as]mes|mes] 4| mEs]ms mus s Hs
4 ACH |indirect of of [ of 2 ol [ ol 4] of 2| of aftmre(mes|mue|ms| MG ofwc] et WG| s | M
dirfindir of of of of 2[ of of of of of 2f of 3| 4f 4 gl!s 4f 3] ] o] 4]BN5] 4
direct Q 0 Q 0 0 0 ol 0 0f o O g 0] 0] 0] 0 1 0] 0] 0 1 0 B 1 0
8 ACH |indirect ol of of o] of o o of o O 0 0 1 o] 1 ] 2] 0 1 0] 1 ol 2 0
dir/indir 0 o] o o0 0 el o 0 o] 0 0 0 of of 0 0 1 0] 0 of 0of o 1 0
direct Q 0] 0o 0 0 o] o © o] 0 0 o 0 0] 0 ] 0f O af o 0f 0/ 0] 0
12 ACH |indirect 1] o] o] of 0O o] ¢ o0 o] 0f 0 o] 0 ol 0 0] 0f 0 0 o] 0f 0 0] 0
dir-indirect ol of o] of of of o of o o o o of o of o of o o o] 0o o 0 0
AC PVAVS o] of of of of of of of of of 0of Of of Of O 0 ol 0 0 4] a 0 1] 0
Evap. PVAVS » ind/OA ol of o] of ol of of of] of o] of of of of of o o o o 0] o ©Of 0o 0
Pre- PVAVS + ind/RA ol ol o] of of of of of of o] of of of of of o of o o] of o 0© 0] o
Cooling |PVAVS + ind/dir/iOA 0f of of of o o o of of of of 0] of of of of o] o] of of o ¢ of o©
PVAVS + ind/dir/lRA 0| of of of 0f of 0f 0O 0] 0ol of of of of of of of of of of of of of O
Cooling and Fan Energy Use (kWh/m2)
direct 8 8 8 7 ] & 9 9 ] 8 8 8
4 ACH |indirect 9 9 9 8 8 8 10 10 10 9 9 9
dirfindir 11 1 1 10 10 10 12 13 12 12 12 12
direct 10 10 10 9 9 9 10 1 10 10 10 10
8 ACH |indirect 10 10 11 10 10 10 12 12 12 12 12 12
dirfindir 12 13 13 12 12 12 15 15 15 14 15 15
dirgct 10 10 10 10 10 10 11 11 11 11 11 11
12 ACH [indirect 11 11 12 11 11 11 13 13 13 13 13 13
dir-indirect 13 14 14 13 13 13 16 16 16 15 15 16
AIC PVAVS 36 40 55 44 50 70 59 61 &6 82
Evap. PVAVS » ind/OA 35 39 54 43 49 69 58 60 65 81
Pre-  |PVAVS +ind/RA 33 39 |Es7EE] 44 ST TN | NG [ &8 I 10 I &7}
Cooling |PVAVS + indidirfOA 33 7 51 40 46 E§__ 55 57 61 | 76
PVAVS + ind/dir/RA 13 38 55 42 49 [k I | I GO I -+ 2 {7 S o 3 1 I = I 5 T

-
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Table 24
Location Zurich HEL
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high Iow high low high low high low high low high low
bldg lecation Lper lcor perlcor perlcor per lcor perlcor per]cor per Icor per ]cor Iperlcor per]cor per Icor per |cor
Maximum Indoor Temperatures (C)
direct 28 zsl__zg 2sl§§'33'1 26] 29] 26]330] 26[533] 26]ua2[na]noa]R a1 |RIBE31 %@T
4ACH |indirect 20| 26¥30] 2rfia2] 27[fan] arlisi| z7|Ead] 27|eaafEazlinaluaz]ieslisa]SaalEas
dirfindir 27| 25| 28] 25|i31] 25] 28] 25] 29[ 2sie] 2s|iFe]EFo{Eaz|EaclE G0l TR ES
direet 26| 25| 27| 25] 29] 25| 27| 25| 27| 25| 20| 25| 28| 27] 20] 27]iaq] 27| 20| 288
8ACH [indirect 27| 26| 28| 26fN30| 26| 28 26] 20| 26[ii31] 26|N30] 28(N31| 28Naz| 2831l 20]Maz| 20[N33 20
dirfindir 25| 24| 26] 24| 27| 24] 25 24] 26| 24| 28] 24| 27| 26| 28] 26]iz0] 26] 28] 26] 29 26[Ra0} 26
direct 25| 24| 26| 24] 27 24f 26| 24| 26| 24| 28] 24| 27[ 26] 27| 26] 29[ 26| 27] 26] 28] 26]wa0] 26
12 ACH [indirect 27| 26| 28] 26] 29| 26] 28] 26] 28] 2e[E30] 26| 20} 28] 20| 28[¥3%] 28|d3n] 28]¥a0| 28lEaz| 2a
dir-indirect 24| 24| 25| 24] 26| 24| 24 24] 25| 24| 26| 24| 26} 25] 26] 25] 27] 25] 26] 28] 26| 2s] 28] 25
AC PVAVS 25| 25| 25| 25| 25] 25| 24] 25] 24| 25| 24] 24] 25 26| 26] 26| 25| 26| 25] 25| 24| 25 24] 25
Evap. |PVAVS + ind/QA 25| 25| 25| 25| 25] 25| 24| 24| 24| 24| 24{ 24] 25 26| 25] 26} 25] 25] 24| 25] 24] 25[] 24] 24
Pre- PVAVS + ind/RA 25| 25| 25| 25| 25] 25| 24| 24| 24| 24 24] 24] 25 26] 25 26] 25 25] 24] 25] 24] 25] 24] 24
Cooling [PVAVS + indidiiOA | 24| 25| 25| 25| 25| 25| 24| 24] 24| 24] 24 24] 25 26] 25 26 25] 25] 24] 25] 24] 25] 24] 24
PVAVS + indidirRA | 24] 25| 25| 25| 25| 25] 24 24] 24| 24] 24] 24] 25| 28] 25 26] 25| 25| 2a| 25| 24] 25] 24| 24
Percent hours undercooled
direct 2] o] 4] ofwi] o 3 1|__4 1§§7 1 Raop0 I IR s [0 R0 of Bzt o jIR4 [ R10
4ACH [indirect 3| %8| fsy] 1] o] 2Qis| ofsus| 2| I N2 IS L M 2 2 a2
dir/indir 2| of 3| ofiWe| o 2| of 3| offe] ofdiefiito|Msz]uk ol izt ] o Reo| irz) oo IRl ER
diract of of 1] of 2] of of of 1] of 2 of 2[ 1] 3| sl 1] s 4] 3] 1fas] 1
8ACH [indirect 1| ol 1] o] 3 of 1| o] 2f of 3] of a4 3] 4] sfae] 3] a] 3| 4] ali¥e] a
dirfindir of of of of 1] of of ol of of 1| of 1] of 2 of 4] of 2] f 2] 1] 4 1
direct ol of of of 1] of of of of ol 4] of 4l of 4] of 2| o 1] eof 1] of 2| o
12 ACH |indirect ol of of of 9} of of of 1] o 2 o] 2 1] 2 af 3] 1] 2 | 2| 1] 3] 4
dir-indiract of of of o of of of of of of of of of of of of 1] o] o] of of of 1 o
AIC PVAVS of of of of o o of of of o of of of a] 1] 4] o] 4 of 1] of 1] o] o
Evap. |[PVAVS +ind/OA ol o of of of of of of of of of of of 3] of 3] of 2] of of of of of o
Pre- PVAVS + ind/RA, of of o] of of of of ol of of of o] of 4 o 4] of 3] of of of of of o
Coaling |PVAVS + ind/dir/OA ol of of of of of of of of of of of of 2] of 2} o] 1] o] o] o of of o
PVAVS + ind/dir/RA o] of of of of of of of of of of of of [ of 3f of 2] of of of of o o
Cooling and Fan Energy Use (kWh/m2}
direct 6 § 7 [} 6 7 12 13 12 12 13 13
4ACH |indirect 8 9 9 8 9 10 15 16 16 16 16 16
dirfindir 9 10 11 9 10 12 19 20 20 20 20 20
direct 7 8 9 7 8 9 15 16 16 16 16 16
BACH |indirect 10 11 12 10 11 13 20 21 21 20 1 22
dirfindir 10 12 14 1 12 14 24 25 26 24 26 26
direct 7 g 10 7 8 10 17 18 18 17 18 18
12 ACH [indirect 1" 12 14 11 12 14 23 24 24 23 24 25
dir-indirect 1" 12 15 11 13 16 26 27 28 26 28 29
AIC PVAVS 19 21 20 22 25 37 35 g 46 38 42 54
Evap. |[PVAVS +ind/OA 18 20 28 20 | 24 36 34 a7 44 7 | M 51
Pre- PVAVS + ind/RA | T e T O T O T e T B T ) =0 BB |
Cooling [PVAVS + ind/dirflOA 15 23 34 33 _ 35 42 35 39 49
PVAVS * ind/dir/RA Sz R s [ e s s i i ae Bt [N o R[4 1 [ sa
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Table 25
Location Frankfurt GER
internal gains low internal gains high internal gains
solar gains low medium high low medium high
tnertia high iow high low high low high low high low high low
bldg location per]cor per]cor per]cor per [cor_u:er_]_cor perlcor Lperlcor per'cor |per|cor per lcor perlcor per |cor
Maximum Indgor Temperatures (C}
direct 28] 26) 20| 26]®32{ 26] 29| 28 E30] 26/834] 26]532[831 833501
4 ACH |indirect 29| 2r|§30] 27533 2r|daol 28]E3ti 28 28}i331572|K3a(H32
dirfindir 27| 25| 28] 25|83%{ 25| 28] 25| 29; 25;@33| 25)E31iE00|E02|H30] 50
direct 26| 25{ 27| 25| 20| 25} 27| 25} 28| 25[Fz0| 25] 28] 27| 20] 27]%w;
8 ACH [indirect 27| 26| 28| 26Q%30] 26f 28 26] 29 26/®3T| 26] 29) 28|E306| 28] E
dirfindir 25| 24| 25| 24] 28| 24| 25| 24| 26] 24| 29| 24} 27| 26| 28| 26| 29{ 26| 28| 26| 29] 26[¥31| 286
direct 25| 24| 26| 24] 27| 24| 26] 25] 27| 25| 28] 25| 27] 26| 27| 26] 29 25| 28] 26| 28] 26 26|
12 ACH [indirect 26] 26] 27] 26] 28] 26| 27| 26] 28| 26|®30] 26] 28] 27[ 20| 27[:30] 27| 20| 28[%36] 28 28
dir-indirect 24| 24| 24| 24] 26 24| 24} 24] 25| 24] 27] 24] 25| 25] 26 25| 27] 25| 26] 25| 26] 25 25
AIC PVAVS 25| 2s| 2s| 2s| 25 25| 2a] 24] 24] 24 24| 24] 25| 26] 25| 26] 25| 25| 24| 25] 24] 25 24|
Evap. |PVAVS +ind/OA 24| 25| 25| 25| 25| 24| 24] 24] 24] 24} 24] 24] 25| 25| 25| 25| 25] 25 24| 25| 24| 24 24
Pre- PVAVS +ind/RA 24| 25| 25| 25| 24] 24| 24| 24] 24] 24| 24} 24 25| 25| 25| 25| 25| 25 24] 24} 24| 24 24
Cooting [PVAVS +indidiioa | 24| 24] 25| 24] 24| 24| 24| 24] 24] 24] 24] 24] 25| 25} 25| 25| 25] 25| 24] 24] 24| 24 24
PvavS +indidiciRa | 24| 24| 25] 24] 24| 24| 24] 24] 24| 24] 24] 24] 25] 25] 25] 25] 25] 25] 24] 24] 24] 24 24|

Percent hours undercooled

direct 3f 1 1| 3| 1)8ds] 1|@s| 1
4 ACH indirect 3] 2]} 2| 4] 2|Eis 2&&3 2| ] @ 3
dirfindir 2l o 3 Frl o] 21 o] 4] of7| ool ) 15529 F 10 5l
direct of of 1] of 2] of of of 1] o] 2| o] 3| 2 4 2 2[ 3] 2 2|5 2
8ACH |indirect | ol 1] o] 3| of 1] o] 2] of 3] of 4 3EEs] 3 3| 4] 3] 3 3
dirfindir of of of of 1f of of of of of 4] of 4] af 2 o 4] 1] 2] qf 2f 4] 4] 1
direct ol of of ol 1 of of of of of 1| o 1] o] 4] o 2| of 1] o] 1] of 2] o
12 ACH |indirect ol of 1] of 2] o] of o ] ol 2l o 2] ol 2f o a] o] 2f o 2] 4] 3] o
dir-indirect o] of of of of of of of of of of of of of ef of +] ef of of of o 1| o
A/C PVAVS ol of of of of of of of of of of of of 3 o 3] o 1+ of of of of of o
Evap. |PVAVS + ind/OA of of ol of of of of of of of of of of 1] of 2] o of of of of of o] o
Pre- PVAVS + Ind/RA ol of of o] of of of of o] of of of of 2| of 2] of of of of of of of o
Cooling [PVAVS + ind/dir/OA 0 0 0 0 0 0 0 0 0 0 0 0 ] 1 0 1 0 0 0 OI 0 0 0 0
PVAVS + ind/dir/RA ol of of o] of of of of of of of of of 1] of 1] of of of of of of o o
Cooling and Fan Energy Use (kWh/m2)
direct [} [ 7 5] 7 7 11 11 12 11 12 12
4ACH |indirect 8 9 10 8 10 14 14 15 14 15 15
dirfindir 9 10 12 9 10 12 18 18 19 18 19 19
direct 7 8 8 7 10 14 15 16 15 15 16
8 ACH |indirect 10 11 13 10 11 13 18 20 21 20 20 24
dirfindir 10 12 15 11 12 15 23 24 25 23 24 25
direct 7 8 10 8 9 11 16 17 18 16 17 18
12 ACH |indirect 11 12 15 1 13 15 22 23 24 22 23 25
dir-indirect 1 13 16 11 13 16 24 26 28 25 26 28
AJC PVAVS 20 22 a2 23 27 4 36 39 48 40 44 57
Evap. |{PVAVS +ind/OA 19 21 11 22 26 EE] s a8 46 KT 42 54
Pre- PVAVS + ind/RA [ IR ﬂ:’ﬂlﬂﬁﬂlﬁf&! B 7R R0 | R o IR o Rs | B a8 Wi 5o X8|
Caoling [PVAVS + indidirfOA 30 | 2 | 25 37 | 24 a7 45 a7 41 52
PVAVS + indidit/RA maam|ﬂ2@ﬁ|ﬂz‘sﬂ Eﬁm[ma’?ﬁ ERTAoBR | BETa ol | BOa 0y |4 BT
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Table 26
Location Helsinki FIN
internal gains low internal gains high internal gains
solar gains low medium high low medium high
Inertia high low high low high low high low high low high low
bldg location |perlcor perlcor per Icor per]cor perlcor per]cor per [cor perlcor perlcor per Icor per lcor per [cor
Maximum Indoor Temperatures (C)
direct 27| 25| 29 28| 25| 30 20k 29[Ra3[E30f834 830 '@"55
4ACH |indirect 28| 25| 20 20| zeliss 30fans| 3o]d33)Es PRI V31 [RuR N
dirfindir 26| 25| 28 27| 25f 29 29 29831] 20|¥a3| ao[E3E 30
direct 25| 24| 26 25| 24] 26 26]530] 26| 28| 26| 29| 26|831]| 28
8ACH |indirect 26| 24| 26| 24] 29| 24| 26| 24] 27 26]] 26| 20] 27 20| 27[§3E 27
dirfindir 24| 24| 25| 24] 27| 24| 24] 24] 25 25] 29| 25| 26| 25] 27| 25| 29| 25
direct 24 24| 25| 24] 26| 24| 24| 24] 25 25| 28| 25| 26] 24] 26| 24| 28] 24
12 ACH [indirect 25| 24| 25| 24] 27| 24) 25| 24] 25 24| 27| 24} 26] 25| 27 25| 28] 25| 26| 25] 27] 25| 20] 25
dir-indirect 24| 24| 24| 24] 25| 24| 24| 24| 24| 24| 25| 24] 25| 24} 25 2a] 28| 24] 25| 24| 25] 24| 26| 24
AlC PVAVS 25| 25| 26| 25] 26| 25| 25 25| 25| 25| 25| 28] 26| 26| 28| 28] 26| 25| 25| 25] 25| 25| 28] 25
Evap. |PVAVS + ind/OA 25| 25| 25| 25] 25| 25| 24 24] 25| 24| 24| 24] 25| 25| 28| 25 25| 25| 25| 28] 25| 25| 24| 25
Pre- PVAVS + ind/RA 25| 25| 25| 25| 25] 25| 25| 24] 25| 24| 24| 24| 25| 25| 26] 25| 25| 25| 25| 25| 25| 25 24] 25
Cooling |PVAVS + indidiiOA | 25| 24| 25] 25] 25| 25] 24] 24] 24| 24| 24] 24| 25| 25| 25| 25] 25| 25| 24| 24| 24| 24| 24| 24
PVAVS + inaidiRA | 25| 25| 25| 25] 25] 25| 24| 24] 24| 24] 24| 2a] 25| zs| 23| 25| 25| 25| 24| 25| za| 25| 24] =4
Percent hours undercooled
direct 1{ o 3] oz o] 2| o] 3| offN7 ofiteliisiNet|icaleralste R R ER ST R
4ACH |indirect 2| of 4 of¥al of 2| of 4] ofivs] ofSrefivoliiplivohalaliol el R S eealiTe
dirfindir 1] o} 2 ofws! of 41 o] 3 o% [ E e L G i R ok R e e
direct of of of of 1] of of of ol o 2| of 1| of 2 of a of 1] ol 2| o a4 o
8 ACH |indirect of of of of =2[ of of o] [ "o 2| of A a| 3] lEE[ 1] 2 F 3| 1[aes 4
dirfindir o of of of 1 of o of of of 1 of 1| of 1 of 3 of 1| o] 1 o] 3| o
direct 0) o of of of of of of of of of of of of of of 1 o o o] o] o] 1] o
12 ACH [indirect 0l of of of 1] of of of of of 1 of o] of 1] of 2 o o o] 1] ol 2| o
dir-indirect o] of of of of of of of of of of of of of of of of o of of of of 1] o
AIC PVAVS ol o of of of of of of of of of of of 1| 1] 1} of o of ol of o o o
Evap. |PVAVS + ind/iOA ol of of of of of of of of of of of of of of of of o o of o v o o
Pre- PVAVS + ind/RA ol of of of of of of ol of of of of of 1 of | of ¢l of of o o of o
Cooling [PVAVS + ind/dir/OA ol of of of of of of of of of of o] of of o of of o o of o o o o
PVAVS + ind/dir/RA 0] of of o] of of of of of of of of of of of of of o o of of of of o
Cooling and Fan Energy Use (kWh/m2)
direct 5 5 6 5 5 7 9 9 10 10 11 11
4ACH [indirect 6 7 B 6 7 9 12 12 13 12 13 13
dirfindir 7 9 10 8 9 1 15 15 16 16 16 17
direct 5 6 8 5 6 B 11 12 14 12 13 14
8 ACH |indirect 7 8 10 7 8 11 15 16 17 16 17 18
dirfindir & 9 12 8 10 13 18 19 21 19 20 22
direct 5 6 [ [} 6 8 11 13 15 13 14 15
12 ACH [indirect 7 8 1 8 9 11 15 17 19 17 18 20
dir-indirect 8 10 13 9 10 13 18 20 23 20 21 23
AIC PVAVS 18 19 28 20 22 33 30 KL 39 32 34 45
Evap. |PVAVS + ind/OA 17 19 27 20 22 32 29 30 38 | 31 34 44
Pro-  [PVAVS + ind/RA R R I S N N S S T T N S
Cooling |PVAVS + ind/dir/OA 17 18 26 19 2 31 28 30 HE B 42
Pvavs +ind/idinRa [iei [RRa0t iaemd s s s S e [ a e s e e
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The tables show that the performance of evaporative cooling varies
tremendously with the humidity, or more specifically, wet-bulb temperatures,
for a given climate. Furthermore, because the capacity of evaporative cooling
is constrained by atmospheric conditions and economically justifiable air flow
rates, its applicahility also depends on the amount of cooling loads that must
be removed.

Tables 3, 4, 5, 9 and 15 show that in the humid summer conditions
throughout the eastern part of the US and Canada {Minneapolis, New York,
Washington, Chicago and Toronto), stand-alone evaporative cooling systems
have minimal applicability, except possibly indirect/direct units at 12 ach in
well designed buildings. Even so, the indoor temperatures will be noticeably
higher than in air-conditioned buildings, and the energy savings will be small
to negative. As precoolers, however, evaporative cooling can still provide
energy savings, particutarly when the room exhaust air is used as the
secondary air. This can be considered as a way to recover the coolness from
the refrigerated exhaust air.

Tables 6 and 10 show that in the extremely humid climates of Miami and
Fort Worth, evaporative cooling does not work for all building conditions.
There are small energy savings for precooling with room exhaust air, but they
are probably not economically justifiable.

Tables 11 and 16 show that evaporative cooling performs very well in
Denver and Edmonton, which have moderately hot but dry summers. Stand-
alone evaporative cooling systems, even direct systems, will maintain
satisfactory indoor temperatures at 8 ach in all hut the most unfavourable
building conditions, eg perimeter zones with high solar gains. At 12 ach, the
indoor temperatures are similar to those with conventional air conditioning,
but the energy savings are reduced from 30-50% to 15-30%.

Table 12 shows that in Albuquerque, which has hotter but equally dry
summers as Denver, an indirect/direct evaporative cooling system at 8 ach is
sufficient for buildings with low to moderate loads, but 12 ach may be needed
in buildings with higher cooling loads. In both climates there are also
substantial energy savings from the use of evaporative precooling.

Table 8 shows that in Los Angeles, which has a Mediterranean climate with
mild but semi-humid conditions, stand-alone indirect/direct evaporative
cooling at between 4 and 8 ach will maintain adequate indoor temperatures
provided that the building has low to moderate amounts of solar gains. In
buildings with larger cooling loads, stand-alone indirect/direct units at 12 ach
are necessary. In terms of energy savings, the stand-alone units are always
beneficial, but only if they are indirect/direct evaporative precooling systems.

Table 7 shows that for Phoenix, which has a very hot and dry desert climate,
the cooling loads are so large that very high air fbw rates are needed to provide
adequate evaporative cooling, and even then only for buildings with low
cooling loads. Although Phoenix is the centre of the residential evaporative
cooling market, the simulations show that for a medium-sized office building,
indoor temperatures will he unacceptably high, except possibly for
indirect/direct systems at 16 ach in a well built building. Even so, there are no
energy savings compared with conventional air conditioning. As a precooling
system, both indirect and indirect/direct systemns provide moderate savings
with no difference between using return or outside air as the secondary air.

For the European climates studied, evaporative cooling showed good
potential in most locations because of their low cooling loads and moderate
humidity during the summer, especially Trappes, Carpentras, Nice, The
Netherlands, Kew and Helsinki (Tables 19 to 23 and 26). In Porto, Lisbon,
Zurich and Frankfurt, evaporative cooling potentials seem {imited to systems
with 8 ach or more in well built buildings with low cooling loads. There is very
little energy savings benefits from evaporative precooling in any of the
European climates studied.




IEA-BCS Annex 28 Subtask 2 Report2  Chapter A Evaporative cooling — DOE-2 software 61

~

Acknowledgements

['would like to thank Mr Jean-Robert Millet, CSTB, France, for his study on
evaporative cooling that provided me with insights for this study. I would also
like to express my appreciation to the following colleagues who have
provided me with weather data for Furopean locations:

Prof Eduardo Maldanado, University of Porto, Portugal, Mr Jon Hand,
University of Strathclyde, UK, Mr Mark Zimmermann, EMPA, Duebendorf,
Switzerland, Mr Matthieu Orphelin, Ecole des Mines, Paris, France, and

Mr Risto Kosonen, VT'T, Helsinki, Finland.

References

[1] Winkelmann F C, Birdsall B E, Buhl WF, Ellington K L, Erdem AE, Hirsch J J and
Gates S.(1993), DOE-Z2 Supplement, Version 2.1E. LBl -234949, Lawrence Berkeley
Laboratory, Berkeley CA, USA.

[2] Energy Information Administration (EIA). {1992). Commercial building energy
consumption and expenditures 1989, US Department of Energy, Washington DC, USA.

[3] International Energy Agency. Annex 28 1995. Raview of low energy cooling technologies
{IEA Annex 28, Subtask I Report). Natural Resources Canada/CANMET, Ottawa ON, Canada.
[4]Chen P L and Huang Y J. (1999). Design tools for evaporative cooling. In: international
Energy Agency Annex 28: Detailed design togls for low energy cooling technologies (IEA Annex
28, Subtask 2 Repart). Building Research Establishment Ltd, Watford, UK.

[5] Millet JR, Collignan B and Bofher A. (1996). In: International Energy Agency Annex 28:
Simplified design tools for low energy cooling techrologies (IEA Annex 28, Subtask 2 Report).
Building Research Establishment Ltd, Watferd, UK.



63

ChapterB

Evaporative cooling in
office buildings

For evaporative cooling, evaporation of water is used to decrease the dry-bulb
temperature of air. Wetted-pad media or water sprays may be used for

evaporation of the water. There are two main categories of evaporative
cooling: direct and indirect.

For direct evaporative cooling, water is evaporated directly in the supply air
stream, reducing the air stream’s dry-bulb temperature, but increasing its
absolute humidity.

For indirect evaporative cooling, two air streains are used. A secondary (or
scavenger) air stream of outdoor air or exhaust air (see Figure 1) is cooled by
evaporation and then exhausted. This cooler moist secondary air stream is
then used to cool the primary supply air stream indirectly tbrough an air-to-
air heat exchanger (which can also be used to pre-heat outdoor air in winter).
Six different systems are considered:

No evaporative cooling — night cooling only
Direct evaporative cooling

Indirect evaporative cooling

Direct + indirect evaporative cooling

No night cooling + cooling coil

Indirect evaporative cooling + cooling coil

R L R R S

The plant configuration is illustrated in Figure 1.

This tool for evaporative cooling in office buildings gives the maximum
internal temperatures under summer design conditions for the first four
systems listed above and the cooling coil load for the other two systems,
which have mechanical cooling. Annual energy (heating, cooling and fan) and

( extract . heat
fan } exchanger

T o e
"\ _humidifier o

|
|
1
'
|

R

healmg) direct - ({Tcooling Yy [ supply ' o
coil humidll‘ler . coll - fan :

Figure 1 Plant configuration
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water consumptions per annum are also provided. The values have been
generated using the simplified thermal model COMET where the room
behaviour is represented by an RC (resistance—capacitance) network.

The parameters of climate, building design (thermal inertia, window solar
protection and internal gains) and plant are defined in the next section. The
results from the simulations are presented in the form of design tables in
Section 3.

2 Parameters

2.1 Climate

Three climatic areas are considered: centre of France (Trappes), south inland
(Carpentras), and south near the Mediterranean coast (Nice).

2.1.1 Temperature and humidity

Design day for Trappes Design day for Carpentras Design day for Nice
40 : - 40 40 ,
| I o
KL R Te (°C) 35 35 + 8 : -1 Te ( c)|-
30 |- — 30 - .
25 - : 25 - 25 - g S
20 — - E 20 - 20 - - i s
15 + T - - 15 - 15 . -
10 - s 10 - 10 + T
5+ — | g/Kgof dry air] 5 55 { giKkgofaryairf ~__
0 1 1 0 T 0 : |
e © o o p: @ © o ® S e © o e S
Hour Hour Hour
2.1.2 Solar
Wim2
Wim2 Design day for Trappes m Design day for Carpentras and Nice
800.0 1000.0
600.0 800.0 -
600.0
400.0
400.0
.0 0.0
0 UO 0 24

2.2 Building design

The basic information is the expected maximum operative temperature in
summer, depending on the building design. Two cases are defined on the next
page for inertia, solar gains and internal gains. Building design is classified as
good or bad on the basis of these factors as defined in the following table.

Building design

Good Bad
Inertia High Low
Solar gains index: window solar factor x window area/floor area  0.05 0.15

Internal gains (W/m? during occupancy} 10 30
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Interpretation of each of these parameters is discussed below. Results are

only provided for east and west orientations.

2.2.1 Thermalinertia
Low means one ceiling or floor of high inertia.

High meuns ceiling, floor and side walls all of high inertia.

2.2.2 Window solar protection
The ratio S x Ab/Al is defined where:

S = window solar factor
Ab = window area
Al = room area

The two reference ratio values used are 0.05 and .

2.2.3 Internal loads

15.

Occupants, equipment and lighting: 10 and 30 W/m? (radiant fraction: 0.5).

NRENEE

2. 15

18, 21.
5 5
Hour

Internal gain - Week end

g Internal latent gain - Week day 9 Internal latent gain - Week end
120 120 r
100 -1 100
80 1171 BO"[
60 - 80 4 !
40 40 J:ﬂ*
20 - 20 1
0 ==l =t ¥ g g T p i 0 L
05 35 65 95 12, 15 18 21 0.
5 5 5 5
Hour
Wim2 . Wim2
Internal gain - Week day
50 T 90
HEREEREANR
S T TP o T
. B b el o - B 30 |
20 - i 1 20 =~
10 - j:\ 10 4-|—1- -
It 7 == ” OA}— o] ——1—+
05 35 65 95 12 0.5 35 6

5 5 5 5

18, 21,
5 5
Hour

2.3 Plant
2.3.1 Airflow

Four maximum air flow rates have been considered corresponding to 2,4, 6

and 8 air changes per hour.

2.3.2 Systems

Without cooling plant

@ No evaporative cooling — night cooling only
® Direct evaporative system

® Indirect evaporative system

@ Direct + indirect evaporative system

With cooling plant
@ No night cooling + cooling coil

@ Indirect evaporative system + cooling coil

For all systems, ‘night cooling’ is used if of benefit.
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2.3.3 Control

For each system, except where specifically excluded, 24-hour control
matrices have been defined for summer and for winter conditions.
Descriptions of the control matrices are provided in the IEA Annex 28
Subtask 2 Report 3 Detaried design tools for loww energy cosling technologres.

For annual simulations it is necessary to define transitions between winter
control matrix and summer control matrix. When the calculation is done with
winter control matrix, the indoor air temperature between 07.00 h and 08.00 h
is checked. If this temperature is higher than 23 °C, the transition with
summer control matrix is made. When the calculation is done with summer
control matrix, the indoor air temperature between 08.00 h and 09.00 h is
checked. If this temperature is lower than 19 °C, the transition with winter
control matrix is made.

3 Design tables

Two sets of simulations have been undertaken for the three different sites
(Trappes, Carpentras, Nice).

The first set is related to sizing and is based on a reference warm day. In this
case the outputs are the indoor temperature and required cooling power if a
cooling coil is used.

The second set of runs is for a typical year, for which the outputs are the
heating, cooling and fan electrical energy consumptions and water
consumption,

Key to tables
Maximum operative temperature during occupancy for the reference warm day:

<26°C boxes with light shading

> 26°Cand <30°C boxes left white

=230°Cand <33°C boxes with medium shading

=33°C boxes with dark shading, and no numbers
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3.1 Results for a reference warm day

ppes Dept 78)
P

B
m ‘operative’ tempe rature in’ occupancy

1 8elar gains S*AglaziAroom 0.05 0.15
Int. gain w/m? (8 to 18h) 10 30 10
Inerlia High Low High Low High
| Orientalion E W g [w Jg jw JE [w g [w |e
Njpirflow | Evapsystem ?\\\‘Q\\R\\\\“\%‘N&\& .&%WN\\\%\\% RIWIthGat EdaNng plant %8 0
' none TI0NHB0 Fral
2 direct §265 &%26;‘ 130u[330F
ol indirect 28 | 28 32333 ~[:Q
direct+indirect |§25%826§ 29
none 28 310
4 direct 24818 26§[4263 0
volh indirect 3253 28 H3N gsa& ] _25 [paiE|
girect+indirect |S24%8 §26%[ I' 29 24 | 28 MR
none 27 . &30& £303 | kR P N3 Rz 27 [H32%
B direct §235824% o4 255 v255|s25s] 27 | 28 Ji26%] 28 $23.] 27
vol/h indiract Y24, _' §2638] 27 | 29 |§3o% 28 § iE 29
directtindirect | 2433 S|Nz5E[Szo0 a26Y| 27 |Fo5u[iaes 28 | Y247 27 |§32
& rone 27 1305|532 | M | 305131 B S| 27 [374] Khll
o direct 523 u2asfs 27 [§2551526% 29 12313] 23- | 26 |§313%
3 woim indirect 52453 E 29 | 27 | 27 29 TTC k| 29 | 28 |
{\‘% d|reci+|ndlrect F24% (8 B R A FEER B BV R o 27 | 28 [§30§].24. ] 265|¥30%
T s TR B T E 27 | 28 [F303520x] oo
X 3 MN _‘ f ;« 28 § 28 j§30% & R ETT
Evap.system i With cooling piant e Ave | max
ind.+Cool. plant i 27 | 27 |8a08[sag]isos]isorlasi]E e B30y
cool.plantonly  |§268[52581526%] 27 | 27 | 28 [31i[iazi|and gsmmim_lm |§318|
ind +Cool. plant  [R24NW|824R 8248182581824 F 8258 1826%| 27 W253|¥268| 27 [waoy] 27 3 §24% :
cool.plant only 24%[§2a %] ¥258 V25N 28 [u26% 29 |¥313] 28 [ 28 [§a3td §247%
ind.+Cool. plant §24% §25\‘s 3 N E S| 26° 28 |225% 26 27 §30§| TR E
cool.plant only SHE [R] 27 | 29 {526%| 27 | 29 |33t%| 24
ind.+Cool. plant L2551 025, 27 {8257]:25 {267 28 | 24
oool planlonly (243824824} §[R258H 263 27 {ga5af§26.: 27 | 29 [.24. ¢
RN 24 iN248 5248 2 243 |¥2535 §25%] 27 |§25¥|§asg|iaey| 28 |e24dyl-
§241N24Y ;\\‘25\ \\25§r25%‘ %25;§; Waey| 27 ‘ 28 [3365] 28 | 29 [s3gfEEg] <
258IN25HE 27 | 27 | 28 [§31alia2i]ianz]ia 5] na iREe IR R
% | Solar gains S™AglaziAroom
Int. gain w/m? (8h 1o 18h) 10 30
Inartia High Low High Low Low
Orientation E [w E |w [ [w [E |w E [w _
" A flow Evap.system [ al%¢ e PR - | min]| Ave | max]|
2 [ind+Cool.plant [s13§ 14 | 14 [asgig1si{sisefrsiistey m 13_{f16% Y5
wolth [coolplantonly  |&183[%18% 3 21 | 21 [izaglieaii{saat]iaaniieee i 118 -[§228 (N .
4 [ind.~Cool. plant J§128|815% "&mtxﬁ RPN SR 263 [i26%; 28 [u20% §124 25 m
wlh [cool.plantonly  |§278(§318 8838|8364 4a74]8308 44 [9468] 43 | a3 m& v27°1 39 |#aEl
6 |ind+Cool. plant [R108[8128 % fe2ai)s ¥}5a9%] 40 [3307|°39 1| 41 [¥a3%] 10 | a1 15433
volh  {cool.plant only 30§[¥35% HEEEHE 3561 58 | 64 |s587| 58 | 67 |¥69%| 30 | 53 ‘|ke0k
8 [ind+Cool. plant [EoN[8118[Re7alnaefi2as]8 BEYRE gt 54 | 0| 343] 54
[cool plant only R ERET T T R -:w& r BT 86 [+34:]s628] 86
\\\kﬂ\\% I RE RN RS R Fiey 17 ‘s@"m R7E s v
3 Sl§22§] FI31H 40 |§43§
38 53 | 57 ﬁéemggrsmssg S70%| - ;
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i

| Garpentras (Dept:84)

L.

Maximum operative temperature in occupancy

e D —

—

Solar gains 5*Aglaz’/Aroom 0.05 0.15
Int. gain wim? (Bh to 18h) 10 30 10 30
Inertia High Low High Low High Low High Low
o Crientation E w [ Jw [ w e w [ |w g [w [E [w [E [w
Air flow Evap.system Without cooling plant min | Ave | max
none i I 1 ] L W 0 W W LM L] [ [ __]
] 2 direct 28 | 28 | 29 g3 m{m3zB(a32i | | D | | O (! ¢ |
volh indirect E30RIR30N R30I I | I | A P 12203 I
direct+indirect | 27 | 27 | 28 |#308 R 27
none §315 (R33N . . 5
4 direct 325 [ 25 1 26 | 28 | 27 | 28 |930H|EEAN|RGONE0N |52 (9227 | N D | 25 (BN
volth indirect 27 | 28 | 29 [g30R{e30R53:11 | N | NN | RN AN | NN | | 27 [
directtindirect | 25 | 25 | 26 | 27 [ 27 | 27 | 29 [§aol] 2¢ | 2o [N=1R|ENE|E 0120 /0A{IE] 25 | z¢ [
none 53183218 N I I | D | D | I | D O | P [ ]
6 direct 24 |24 | 25 | 26 | 26 | 26 | 28 | 20 | 27 | 28 | 29 |g32A| 29 |w3cA|2ZN/EM] 24 [ 2 [
volth indirect +26.726 | 28 | 29 [ 28 | 29 [ga1R[@a2N{830RiE2 10 (B2 N[220 A I | 26 (2318
directrindirect |25 | 25 | 26 126 | 25 [ 26 | 27 [ 28 [ 26 | 27 [ 28 [g3aM| 28 | 20 |NSoN{MEM[ 25 | 28 [N
none E308 lSADB]-]- R3] | | I ' D 507
! 8 direct 24 | 24 | 24 | 26 | 25 | 25 | 27 | 28 | 26 | 27 | 28 imail| 28 | 28 |maoR|iM| 24 | 27 |l
: volfh indirect 26 | 26 | 27 | 28 | 27 | 28 |k3oK|R31R] 2° {RcoR[N2 R |EN|E30 %3 0 || 2¢ (3200
direct+indirect [ 24 [ 25 [ 25 { 26 [ 25 [ 25 | 26 | 27 | 25 { 26 [ 27 [%300] 26 | 28 | 29 |32§] 24 | 27 |g32%
' min |24 | 24 | 24 126 | 25 | 25 | 26 | 27 | 25 | 26 | 27 |330p] 26 | 28 | 29 |g323| 24
1 ave | 27 | 27 | 29 [g30R[#30R|E30R K327 | 0320 B3 25| N | NN | IR D I | 232§
! max { I 1R { RN N | N | N | U N D N D L]
: Air flow Evap.system With coaling plant min | Ave | max
2 {ind+Coot.ptant | 25 | 25 [ 27 [ 28 | 28 [ 29 jE3+B|Ea20|I320{N:20{ N NN | NN | NN | S S| 25 |20 e
. volih |eoolplantonly {26 | 26 [ 27 | 29 | 29 | 29 [Fa3zH{SNN| NN NN N N R (.| zc (.
) 4 |ind+Coclplant [¢24 | 24 [ 24 [ 26 f 25|25 | 27 [ 28] 26 | 27 | 20 [§348] 28 | 29 [Na1H|IER]| 24 | 25 {HE
! volin_[cool.plantonly 24 1 25 [ 25 | 26 | 26 | 26 [ 28 | 29 | 27 [ 27 [§3oNi@328] 2¢ [Esof|NENN/ER! 2¢ | 25 |NEN
; 6 |ind+Coolplant | 24 [ 24 [ 24 [ 25 | 24 { 25 | 25 | 26 [ 25 [ 26 { 27 [ 29 | 26 | 27 | 29 [¥31R] 24 | 26 {K31K
8 volh [eool plant only 24 124 [ 25 |25 |25 {25 | 26 | 27 | 26 | 26 | 28 |WaoR| 27 | 28 [Wsol[M323] 24 | 27 [Wazh
' 8 |ind+Coolplant [ 24 [ 24 24 |25 1 24 | 25 | 25 [ 25 J 25 {25 | 26 |28 | 25 | 26 | 27 [ 20 | 24 | 25 | 29
ol [cool.plantonly 24 |[2al24a [ 25 25 (25|25 | 26|25 |26 ] 27 | 29| 26 | 27 | 28 [#30F] 24 { 26 {@30%
; i min [-24 [ 24 [ 24 [ 25| 24 [ 25 |25 [ 25 [ 25 [ 25 |26 | 28 [ 25 [ 26 | 27 [ 20 | 24
Ave |'24 |25 |25 | 26 | 26 | 26 | 27 | 28 | 27 | 28 [m3oR{Na2i| 29 [g2oR(RzzA{EM 28
max| 26 | 26 | 27 | 29 | 20 | 29 [3a20}N; NN NN N I N ‘_L_i_J
) Maximum cooling power (W/m2})
Solar gains S*Aglaz/Aroom 0.05 0.15
v« | Int. gain w/m? (8h to 18h) 10 30 10 30
Inertia High Low High Low High Low High Low
Orientation E [w E w e Jw e Jw Je jw | |w Je jw [E |w
Air flow Evap system min | Ave | max
2 [ind+Cool.plant | 15 [ 15 | 16 | 16 [ 16 | 16 |K7A}K. 78] K1sX{ K172 | | D | O | D | N | | 15 |74 DA
velh  Jcool.plantonly 20 [ 20 | 22 [ 22 | 23 | 23 |HzsH| 0 { A D IDEH [ DR | I A D N} -© | R
i 4 |ind+Cool.plant fs20.| 24 [ 26.] 29 f 29 | 20 [ 30 | 31 | 30 | 30 { 32 |N33l] 31 | 31 |EaaN{mE| 20 | 29
vl {coolplantonly [:35 | 38 | 38| a0 [ 40 | 40 | 44 { 47 | 42 | 42 |Wavd|Us2]] 47 [K47A[ || 35 | 44
6 |ind+Cool.plant | 19 [ 24 [ 24 [ 38 ] a5 4043 {4342 ] a3 a4 [46] a4 ] 44 [ 47 [Hasl] 19 | 39
volh  [cool plant ondy 40 | 45 45 | 57 | 58 | 56 | 60 | 62 | 59 | 59 [ 64 |#70M 63 | 63 |Wrol|h77ll| 40 | 59
8 lind+Cool.plant |18 F 23 [ 25 {38 [ 3¢ a0 {43 |56 41 [53 |54 s8] 57|67 |58 [61]18]45
volh |coalplantonly |44 150 [ 50 [ 66 ]| 64 [ 70 {72 { 78| 72|77 | 80 [ 85| 80 | 80 | 86 |Nodl] 44 | 72
ST i min JA5.0 16 [ 6 [ 46 16 [ 16 |47 {17 |18 [ 1718191919 20] 2115
Ave |26 30 [ 31 38| 38 407 42 [ 45 | 42 | 44 [F46){H49]| 46 (K4sR:M50N NN 41
max| 44 | 50 ] 50 | 66 | 64 | 70 |B7Zd | R | | | :l"_i:}

e ™
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‘Maximum operative temperature in occupancy

Solar gains 5*Aglaz/Aroom 0.05 0.15
Int. gain w/m? (8h to 18h) 10 30 10 30
Inertia High Low High Low High Low High Low
Oriantation E W [E w [ w i w Jew [ [w e w [ [w
« |Airflow | Evap.sysiem o - ... Without ¢6oling plant s min | Ave | max

: none RO S e T TOEE e IR
2 direct Sl SRR IR Tl | [0 ‘z
volth indirect Tazifasay S 3 R B R 0 1.

direct+indirect [S30%| 8308|313 [328 m SR R L]

O} T | WO v | 507 .|
none | R RSP R A m Lot o

w-m-m*sm--

direct 29 | 20 asazgiinninaliaiieEaes
indirect 29 [ 20 R30RiRatRiNIen ka2 el e e ]
direct+indirect | 27 27 |28 | 29 30 {\*30$ §32§\ Saziiaas it R T i .imi 27 m m o
none F30N RTINS IR 32y T R N 30 |
direct 28 | 28 [§305[3308 é"“ﬁi%o& 320 R e RN w325 (e ol | I IR 1.
inirect 28 | 28 | 29 [¥30§[N30RA05[N32 m&szxmmm | 2
direct+indirect |R268|826% 27 | 28 | 28 ] 28 18 [E308N 3088328 : b RN I N
none | RO03 [RO0N[NIZN NN |42, e e N 50l |~
direct 27 [ 28 [ 20 [§30% Y31R{E32; B[R 3: | 27 [3335[
indirect 27 | 26 | 28 | 29 e 1 I 1R
directrindirect [8255|8268|526%] 27 26 [§303 29 [§308[i323 Wiz 2 ww| |
% ming|§253/¥268[326y] 27 28 |§30% i Lt ol B N i
: 29 | 29 i \ FE H
L ax [ - :
Evap system |- D ;
ind.+Cool. plant  [§25¥]§25% . ‘
cool.plant only H258i26% #2535
ind.+Cool. plant | RPN R R R ; y24%
cool.plantenly {24825 i8258¢ 2680 29 9 fiseily §245
ind.+Cool. plant _[§24%}824%}§247 (T3 N24R1E §|E263| 2258262 28 29 | 267 27 | 29 [§31§].24
cool.plantonly  [¥24§[824%8255]8 2538|8258 ¥ 27 [2268}i26.i 29 [E30%] 27 | 27 |¥30%{#328]-24
ind +Cool.plant_[24%[824v[¥245 325t [v24% 2582588258 27 | 28 [uesh \'Zﬂ 26 | 29 |52di[%

240[N258 H2s8 ¥4y
NiN24N[n24rass[ya4y|r2s i
R R R T

§26\ 27_]_5 ] 29

.‘@25%3‘251%%@26?\&' 27 | 28 jN26}|4
BIERSN| 27 | 28 [R25%(%

cool. plantonly

““““\%&“& '
A

o iy

Y| Sclar gains S*AglaziAroom
Int. gain w/im? (8h to 18h) 10 30 10 30
Inertia High High Low High Low High Low
Orientation E |w E [w [E |w
Airflow | Evap.system ] R e e
2 [|ind.+Cool.plant {R148[§14%] 15 [ 15 | 15 | 15 Es&m& D
wlth [coclplantonly [S1e8frey] 21 | 22| 23 | 23 2siiedle

§30% ‘24% §

IEIRE
49

4 |ind.+Cool. plant {§208[§23%826|se7sfiarsisara] 29 | 20 fosy 5328 20
volih  Jcool.plant only 1308 |N35MFa6 1|37 837 8NITE] 41 | a4 | 39 | 41 1463 §30x

41 [V468|5215 3083 |84BT] 10
EN I NI RS

6 [ind.+Cool. plant _|§218|¥258i278|8358]Saauinsonveos[varsldon]ga1n
wlh |cooiplantonly 334§ [¥308[H428] 8538|8528 538 as5) ¥558]855%

8 ind +Cool. plant  |§22§{N26 815288 53688358 40834188538 ( 518 56 | 58 722 .44 | 58
cool planlonly §373IN428H45: S{ES6R[E6IHIE63 MY  EAkS = Tdu| 87 18]::37 /| 66 [891E
> oo [LLH B R W“i\ S RERE RN RN R RS &17«§‘§—| 18 IBajwiBE] 19 ;




70 IEABCS Annex 28 Early design guidance for low energy cooling

3.2 Results for a reference year

mReferance year Trappes ] :
cay ' Heating needs {kWh/m2)

- | Solar gains S*AglaziAroom 0.05 0.15
Int. gain w/m? (8h to 18h) 10 30 10 30
Inertia High Low High Low High Low High Low
Crientation E WIE WIE [WIJE W J|E [W JE W JE W |[E [W
-x);“ Air flow Evap.system Without cooling plant min | Ave [ max

none [F33N[E351 ]3] M SN | U WD O N | | G 30 |

e

2 direct 34 | 35 [ 34 | 35 [120] K1 24 W I { NN AN A | N : DD O O NN ¢ |OAE[IEN
wlh indirect 34 135 l3;4!l351 K12} 5121 I || N | D | O N | € .
directrindirect |34 [35] 34 12 | 12 [W161[ N 8200 | MERE | I | S| 6 A10] |
none 40 | 40 a1y L4.1l A41( 1.5 I ([ 5231 | S | | (| & |
4 direct 30 | 40 | 41| 41| 14 | 14 | 20 |126}] 23 | 22 [r261|0am|AFANCENNR/E] 7 | 23 [l
volh indirect A0 | 40 |41 [ 41| 14 124 - C 00 EECEIC ]
direct+indirect | 40 | 40 | 41 | 41 14 24126 [1261] 7 [msm[mi2)[iR| 7 | 23 [WE
none 40 | 41 141/ [4.10R14) 1241 I [ | 8 |R24T
| I direct "40 | 40 [ 471 [ 4T 14 [ 14 20 [ 21 24|27 [,z 7 | 8 [wiamm| 7 | 23 |NEE
i | wim indirect 40 |40 | 41| 41| 74 {74 | 20 [§2il 24 [126]{ WA | HCN N | 7 | 23 |
| direct+indirect | 40 | 40 | 41141 | 14 { 14 | 20 | 21 | 23 | 24 | 26 [127d] 7 | 8 [ 14 |81 7 | 23 |W41R
' none 40 [ 41 14ARE4N] 14 [§1.508240 | {823 l24l--lsl lgl-- 8 |m24% /M
direct A0 |40 |41 41|14 {7521 |21 23 27 | 27 14 |41l 7 | 24 K&l
indiract GO A0 4T |41 |14 14| 21 | 21| 23 24 27 k27l 7 a FAT] ¢ | 23 |l
direct+indirect |40 | 40 [ 41 {41 | 14 | 14 | 21 | 27 | 23 |24 | 27 [ 27| 7 | 8 | 14 [k4i} 7 | 23 |Waik
min 34 |35 |34135|12 12|16 |16]|20)20]|22[22[ 6 | 6 [ 11 [kio}] ®
Ave | 39 | 39 | 39 | 40 | 13 | 14 [iad83[1201] 23 [iz31)1251 i n7a|u7a I R 12211
. __max _|ra0i[réiiftETn | | | N | A | D | [ ]
‘& Air flow Evap.system With cooling plant min | Ave [ max
42 |ind+Cool. plant | 34 | 35 ] 34 ] 35| 12 | 12 [W68]K7A]1201[F200]1221] I i M [WAMN| 6 |00 |
volin [coolplantonly |34 [ 34 | 34 { 34 | 11 | 11 [K161|ki 6] k19| ¥2 0} M | N e | | (| 5 |7 5 i |
4 |ind+Caol plant | 40 | 40 |41 ] 41 14 | 14 | 20 | 20| 23 | 24 | 26 [k26)] 7 | & |i4)|iEM] 7 | 23 |l
o volth  |cool.plant only 3939141141113 |13120[20]23[23 26 426l 7 | 7 [M31/MM]| 7 | 23 W
| 6 |ind+Cool plant |40 | 40 [ 41 | 21| 14 | 14 |20 |21 | 23 |24 | 26 27| 7 | 8 | 14 |W4] 7 | 23 W41
%2l volth [coolplantonly |39 [ 38 |47 (41|13 | 13|20 |21 | 23123 |26 [26] 7 | 7 |14 W31 7 | 23 |WAiK
[T 8 [ind+Cool.plant |40 |40 (41|41 |14 |14 |21 |e1123124 |27 27| 7 | B8 [14[14| 7 | 23 | 41
wlth  [cool.plant only 30)39{41 41113 [13]20}21}23]|23[26(26] 7 [ 7 (14]14] 7 [ 23| 41
min 3413434 34|11 111616 19|20 |21 (22| 6 | 6 {10 1¢]| 5
. Ave 38 |38 139 |40 [ 13 [ 13 |19 |20 [ 22 |23 [25 [1251] 7 [ 7 [m31|il 22|
T o max |40 | 40 | 41| 41 14 | 14 [R27N[k2A0[R23H 20| NN T | M) N ) R | _!El
Cooling needs (kWh/m2)
Evap.system With cooling plant
ind+Cool.plant § 2] 2 | 4] 4 | 8 | 8 [m2Akil]Ksl |151|[181-
coolpiantonly [£6.1.5 | 9.| 8 | 4 [ 13 [Kt51K1 51{k20N| 51 91 )il | D | NN | B | N | I |
ind+Cool.plant | 1 [ 1] 314565} 5112[12]11}10 K261 | 1
cool plantonly 6 {6 |10] 9]16}115]20{19]26]24 _ []
ind+Cool.plant | 1] 1] 3] 3| 412 |10{11] 8 7 126} 1
coolplanionly | 7 | 6 | 10 | 10| 16 | 16 | 21 {20 ]| 27 | 25 [ 33 | 31 | 38 | 36 | 42 [140)] 6 | 24 [I42|
ind+Cool.plant |~1 | 1 |.3] @ | 31 3] 9101 6| 61616113 13]26]25] 1 |10
coolplantionly | 7 | 7 |10 1016 | 1621 |21 |27 | 2533 |33 | 3937 |45 [a4| 7 | 25 45
~_min "1 ] 1| 3] 3(3|3]9|10] 6|6 [16|16]|13]13]22[20] 1
Ave 34 7T 7{10]|10]15]15] 18 | 16 | 23 [1221] 26 | 24 [1311|H 16
max 7 | 7 |10 | 10 ] 16 | 16 [F23iF2K|#274| 1251 | NN | M { NN | | DO | G _|:|
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\ PR - );\\\“\\u ) S s g - A e s R ceam e e =

‘ Referenceyear Trappes

T e f an elegncgl_gnerqv (kWhImZ)* SN e . ]
Solar gains S*Aglaz/Aroom 0.05 - "
Int. gain wim? (8h o 18h) 10 30 10
Inertia High Low High Low High Low
Orientation E W [E W JE W [E W JE W [E W |E :
Air flow Evap.system Wllhout coohn Iant .
none ERE 8 g
2 direct ESRE 7
voih indirect 12 12 ;ng &11"3 & !

directtindirect |l s |adas| 11 |
none 19 [ 19 jytey &\1.7,,& :ﬂm
direct BN R RER K BRI RE )
indirect SABN|NIBY 16 | 16 | 21 :

direct+indirect [gldgfsads]arosp14a818s ;
none 23 %23%1&21&1@30& Tk B '
direct BERRERRERREE B &,A*ZN ]
indirect &19 9 205 3 §26! 33 [324%| MR E41N]E

direct+indirect [ 7a[&168 {81 Ba[R178 5238 [e238[825%] 24 [#30s[s29%] 31 Tv29i] 38
none L I T R O e B s I
direct 2| A8 |F24 |24 263 26 [543 ;;3_2_:!“3 32 |, 41
indirect i § 23 32 | 40 | 39 | 40 [zaay| 49

dlrectﬂndlrect 3 N2 1§ §|S205|596-|3 35, 37| 34 |Fa5 :

HE ] #oA6: 81848500188 17 [a22, §203]za0 | ‘
NZ40[0235] 29 7280120 [E]135Y RoT uau | :
B R0 A || | M| | | P | I :
Evap.system \iy_ith cooling plant 4
ind.+Cool. plant [ 2 T 5 6i]e 85 Ba[eA0a] l o[ M !
coolplantonly |®7 3 ; P P E B EREER [
ind.+Cool. plant [&168| %158 N ERERE 191§2e~‘.§ ¥254] 30 [§308
cool.plantonly  Jaos NEER sl 17 21 |n24%
ind+Cool, plant  }18¢[&t8x %118; 43| .31 137°| 37 ,
coolplantonly  [s1d8 shIs a1 28 & “&‘1? $208 &2039 25 1 29 !
ind.+Cool. plant [222%[v22§{3 2153213 HFRS rA44E 443
cool. p|antolly_ 21381 3R0148]8148 S[521:)% 4] _30.] 34
— = A YR RS EREEREER BT )
Flutavhut 4y 29 13303 {mam 21
B
- = e e Vg
- water: neegs lllmZ)

Evap.system Wllhout cooling plant :
none 3 X 3 '
direct
hdiredt 5 §

direct+indirect  F98 &\\’BN
nene 0 .
direct &_1,1&[‘—&1{1 i
indirect M\‘&IW&“ H1251 -

direct+indirect NE Bg*, w142] 24 m o
nane INOEh : : 0] -
direct 138|138 {w18% &33}2 40 | 38 [g 28 |mmmy
indirect *-\10\ ERRER H6: RRER AT EWR T25x k230 18 (W] .
direct+indirecl _|RT3§[S 28 [FT0K[RT7S |6 22K [FITR[F 298] 26 |530%7a2%] 41 [1383] 43 | 40 30 [za53]|
none 0 DORIMON) 0 [R0miwos ] 5o EREAL 1
direct \\\15’{% 14818208885 seox8 2488308 27 [#37, [i8142[432818505]
indirect S1081819:] 16 [w8sfstds] 27 | 23 M0 | 23 | '
d|recl+|nd|rect [ s228[20:):25 [§23%[ - 335]230:]e 14, 34 |$54§ ;
' T T ) O e T S R JETES i
i @ 12 | 10 | 13 | 13 jatasfatss] 19 [&16& N
+15% [P $22%) S0 | o | S | MR e | i | - ‘ ]

Evap.system With cooling plant ‘min { Ave [max]+ i

ind +Caol.plant [N SR Ho%[N 61 817 |8 06 1| S A N R4 (o7 .
coolplantonly [0 n0a(s0s| 0 | 0 | 0 0O N | 0 | | WO D 0 | |
ind.+Cool. plant  FuBs[syraaie]nesl1 28wsy e w158 18 [w6g] 18 | 17 [a16%]% 14 | i
coolplantonly  |R0% R SRE Mg\ 0 10 | 0 &m{_ 0 [mom 0 _|mmw|
ind.+Cool. plant  F 9|8 [ mm RN BER P E R W19x]s268 ¥265[¥23sf 28 b -\‘19& B28§ 1 )
coolplantonly  [SOSIROROTIROS] [ SRR S 0[O o[ 0 [0 SEEETE
nd.+Cool. prant @m IRREAR X 25 31%| 28 |¢31, | 284 36+ 2236
cool plant ohly NOm IREEE T O I Wog[ 0 HRos] 0 [~

R ELE B VB ELEIIE BN ?*-0'*& O *

®B% : 10 [@os] 10 [ 9 [|atiu|m]. ;

15 ﬁzax Fgi]izeilE IR ’

"’3‘

3
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Heatihg needs (kWh/m2)

#"t Reference year : Carpentras

Solar gains 8*Aglaz/Aroom 0.05 0.15
Int. gain w/m? (Bh to 18h) 10 30 10 30
Inertia High L.ow High Low High Low High Low
Crientation E WIE WIE [WIE [WIE W I[E [WIJE [W [E [W
Air flow Evap.system Without cooling plant min | Ave | max
v none IS { SN N I | O | N NN | U | U OO D | O D
‘ 2 direct 19 120 | 20 [v20]) M55 I U | NN N | N | NN | 1 SR
wolh indirect E1S1{3200{11 9 | SN0 | NNEE | I N | TN OO | OO | | AN | | R 1 | |
' direct+indirect | 19 | 20 [ 19 [1I201/R5K W41 | ' NCH | N | DO | IO A | NN ' ADN DN /DD 1 '
none iZZlIZSI-- L L I JC C W 3 JC_J3C M EEAL ]
4 direct 22 122 241 6 | 6 |WINEVE|ISHEON LN S| 1 0| | )t 30,10
wol/h indirect 22|22 23 1241 RGE| HGH] NI | N A D | ! | .

directtindirect |22 22123241 6 1 6 |11 JWiil] 8 [ 8 [tk NO| il tili 1| O | 00| 1 11 [,
none |5225(k23: | A I | I N S R | O D NN NN ¢ A O | N | 552 | .

6 direcl 2z|2z2|23[24{ 6|6 [11[411] 8] 9|11y 1 [SENMHEN] 1 11 [
volfh indirect 22222324 6 | 6 (MIBKI21{MSH| OB E1E NN S N | 1 |50 |
direct+indirect |22 (22123241 6 | 6 {11 ]11] 8 | 9 [ 1 [818] 1 [ 1 [ECH[NN] 1 11 [
none (52 203231 I I . | I | N | S 22 75 | I M

8 direct 22222324 6|6 [12]12] 8] 8 |1 1 [ 2 |@GEIM] 1 11 |
volth indirect 221222324 ] 6 | 6 |[K24jEt2y] 8 |EspELIL R %1! XN 1 &5
P direct+indirect 22122123 [24] 6 | 6 [12]12] 8 | 8 | 11 |88 1] 6 k6% 1 11 {B24%
? o : min 19|20/19[20] 514 | 9| 9|7 7|9 |[£9% 1 1] 4 [@48] 1
: Ave 21| 22 | 22 [R23][W65| WO K[| M5 e WA D | O S| IR
by _t: ‘max_ A DS | UURUN | AU | AU | N | NN | NN NN N | DU |
’ Air flow Evap.system With cooling plant min
. 2 ind+Cool.plant §18[20[19}20] 5 | 4 |[RoR{RSE|E7RRE|INE NN S N 1
! volih  [coolplantonly |19 | 19 19 | 20 | 4 | 4 [0 Ni] i | i S R | S ] 0
' 4 ind+Cool.plant |22]22]23(24]1 6 | 6 |11 |[11] B [:] | 11 |§ASEl 1 1
§ | wolh Jcoolplantonly 2212242312314 14 [11]11] 8 [ 8 |S108518E] 1 0
! B ind+Cool.plant [22 |22 [23]24] 6 | 6 {11111 89 {1111} 1 1
; wol/h  |coolplantonly 22221231231 4 [ 4 {11{11{ 8] 8 [11i&tae] 1 | O |ESI|KBE 0
S\ 8 ind+Cool. plant 22| 22|23 241 6 | 6 [12[42{ 8 | 8 [11 (111 ]1]6]6]1
* wolfh  |cool.plant only 22122123231 4 14 [11[11]B]811]11] 1] 0|6 |E6E] 0
b ol min |19 |19j19]|20] 4 |4 |9 |9 | 7] 7|9 [9]0]|0]4]4a] 0 |
’ ‘ Ave 27§21 {22123 5| 5|11 ]11] 8 | 8 [ROFWIOH 1 B ECEEN 10
max 22 122123 /24| 6 | 6 K127 N | | W DUVNE 'R | VRO [N OO | [

Cooling needs {(kWh/m2)

Air flow Evap.system With cooling plant min | Ave |max
2 ind+Cool. plant | 7 | & 1011 ] 18 [ 18 [§201ik20]|k274]¢2 74 NS | MR | L VR /DN | | 7 |22 D
volfh  Jcool.plant only 19 {19 [ 23 [ 21] 31 | 30 [¥3.10| ] N; N N | N ! 19 .

4 ind+Cool plant |4 | 4.] 8 [0 ] 12 | 12} 20 | 21 | 24 | 24 | 32 |k30]] 36 | 36 |[420(MEW} 4 | 22 |
wl/h Jcoolplantonly 22 | 212826393844 ]41]57 |53 [Ic0HI53)] 69 IGBI-- 21 | 47 |
h 3 ind+Cool.plant [ .2 2|7 [B| &9 t18l20[18]18]30]30] 29 I_ a1 2 | 20 [wasy
¥l wlih [coolplantonly [[24 23|20 28| 42 {40 {49146 | 63 | 59 | 77 [§651] 80 l84l ¥78t] 23 | 54 |Es4n
8 ind+Cool.plant | 1 | 2 | 6 | 8| 7 | 7 {16]18][14[14{28] 28] 25 24 401 1 117 ] 42
i+ | _wvolih [coolplantonly [326.| 24:] 3130144 1421521459166 62767185180 94 isgi] 24 | 58 |W9sd]
P 1.  min 126 8] 7] 71618141428 [27]25]24[36]33] 1
' "~ Ave 13 [ 13 |18 | 18 | 25 | 24 | 31 | 31 | 38 | 37 [1453|1421] 50 |1481/1561| il 34l
q® W

max 26 {24 | 31 ] 30| 44 | 42 [i521] 10| N L
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S W)

. 4 i
4 Reference year : Carpentras g
\: Solar gains S*AglazAroom ]
M5 Int, gain wim= (8h to 18h) §
% Inertia High Low High Low High Low High Low . i
d Orientation E W [E W JE W JE W [E W [E W JE W JE W | e s

S| Ar Tow Evap.system Without cooling plant min | Ave [max] |
N none B [ [ || R Al | B2t | N | | PO | N | N | | A :
i o2 direct 13 ] 13 | 13 [R13: 5185 |s163 a0 TR SRR R | S I e | 13 [T
o et indrect | FGRISABRIETON/ NS} J 60 T s [T 5 I |-
R direct+indirect | 14 [ 14 [ 14 [§1ds T (119 [ | R o B 00 NS ] 14 (e

none 22838282 | SO e | N || IR (0 | e O | 62 | IO | 2 || O B [ 260 | e | ¥

wyl 4 direct BISRIMOSRI6N 16 | 21 | 21 [824viR233| V295182812 29 1R 358 |y st [ 15325y N
\\\Q valfh indirect | 23122 | 23 R R 0520 a] SIS O e | e | e 22 |enimmm!
i direct+indirect 183 S1BR|510%| 18 | 24 | 23 | 25 |g243] 21 | 30 [3305 VE 3785370 R | 18 | 27 |G| |
" none 8783 37 R O W 2 W W W | AU [ DNE | IR | .35 e | W | f
| . direct STON[NTB[116N]y205[§268[12535] 26 | 28 | 34 | 34 | 35 [533%] 43 [x25]3day E87] 30 |mem] !
“ vol/h indirect §28%]%28y 29 | 28 | 37 | 37 [3383[337¢[346: 455845 s ]a54 % NG (O e | 28 (541G a|
directtindirect [RZTH|72 1823 15238]5302[t30%] 32 | 31T [¢ 38 [£36%] A7 | 46 [7Acu(WeR] 21 | 34 | .
\& none RAB A5 {ESTR ; k S R W A3 Ramat R |

&\ a direct 2188228 w2 1nfe 233 |3 2By[5285 33 ] 34 S5 21 ‘

g
5

indirect #3434 33 45 | 44 [FA6iiA&i| 55 [:54% __3354*@- 5669{u647 [ mmw] 33 |#d9:
direct+indirect F:268x[2265]:205 s 28583788365 {3 305] 38 [4Tz45% r4dv]s575] 55 | 55 [s53g[-267] 41 [&574]. ¢
in s a1 38R 3|5 SN RA B2 [a0 B RTBRINIBY] 18 [S215[321y 21 ¥aDy|3264] 25 | 25 fh2du]ndsu,
WAve =] 24| 23 | 24 N2 IAn(EI0sa s ]y
max:i. . e SO et | S | N

Evap.system With coceling plant
ind.+Cool. plant  [§35%[&158 19 ii§25_§1&1_9§|&‘22§
cool.plantonly  J&tIS]& 1 6.5 | e [ |
ind.+Cool. plant  |#20&1 82635 26 Je33y] 32 | 32 [a305] 39 | 38 [x39%/mee]s
coolplantonly  Js33§[8 20] 25 24 F24u[N24% 31 [§31%
ind *Cool. plant |5268]5268[6 §[io2euden 39 | 37 [i503] 40 | 45 JRABA[%
cool.plantonly BEE &163 8 25 30 |#308] 37 | 37 |438%]838z]
ind +Cool. plant  [£318{§31% 5 :39\\ §{x468] 45 |§59¢{x58%] 57 | 55
cool plantonly F21NiN24sR 3 36 [sadsf 447146 [§455]52"
M [ ¥ Jatas : 23
19&:!

;
:

ay
=
-y
©
k3%
a:
el
f?;.
[
har{
‘ (7]
o)

.\‘|§39§ X
S BRI
W EER

Evap.system Without cooling plant

none a RS e | e e e el | | S ST | T | T ] :
direct T2 72 140 307 T o | S| AN | V| I | S| | P | M| 27 LA
indirect )Tmmmmmmm%_m—mmamm- N
directrindirect FEER IR EIRET R R SR e Lt [t TARS] 31 [ lamee] i
nene SRR N N e RN PR TR AR X N | 0.0 | ||
direct 435%(% 53 |W598[R523[4T45 688 277 W] X 06 ¥ [ NN [ I} . 34 (K6Tn (] .
indirect 36 R B [ o B W 34 [P .
direct+indirect [¢d0%]: 76 [i6ei] 91 | B2 RO AER &107“ ﬁBB& R RN 839 76 |wamm]
none ROW) SRR £ G | SRS | R | M | MO OO | O | N | 35 O 0 | O | O
direct ¥395(% 5| 69 [ 60 | 88 | 81 | 97 [£83n] 106 [1995{;:109] .38 74 |mmm) -
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Chapter C

Slab cooling system with
water

The main purpose of the tool for slab cooling systems with water is to provide
the designer with a simple means of evaluating the suitability of the
technology in terms of cooling capacity in the early stages of design.

SRR

PR R

This tool gives an estimate of the cooling that the system is able to remove
from the conditioned space as a function of the known indoor air temperature,
the outside wet-bulb and the outdoor dry-bulb air temperatures. It provides
the designer with mean expected cooling capacity of the system. (Note thata
cooling tower is assumed to provide cooling to the slab.)

The charts in Section 3 give the specific cooling capacity of the system for
the usual ranges of the three input values for the model. The lines shown are
the best fit correlation and carry an average uncertainty of 7.86%.

The absorbed heat flux by the upper surface the slab and by the cooling
system (Figure 1) can be evaluated by the following expression:

?ﬂhsnrhmi heat ?t(lh + ?twh

where ¢, and ¢,_, are given in Figure 2.

Figure 1 Slab construction
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3 Design charts

7= b + Frwh

qtdb as function of indoor temperature and Tdb
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Figure 2 Cooling removed by slab cooling systems with water
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Figure 3 shows the absorbed heat flux for an indoor temperature of24 °C
obtained by this simplified tool and by the detailed design tool described in
IEA Annex 28 Report Detarled design tools for low energy cooling technologies.
Cooling increases when the ratio I'wh/Tdb is lowest, ie when the outdoor air
is drier, because a cooling tower is assumed to be the cooling source.

Upper Absorbed Heat Flux and Twhb/Tdb for Indoor _Air
equal to 24°C

=—Dast. Tool Values
=er Simp, Tool Values
— —~ Twh'Tdb

Time [h]

Figure 3 Detailed tool and simplified tool values
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ChapterD Night cooling ventilation
in UK commercial
buildings

Developed hy:

SRR RPN i I SR

Name: \mnﬂaﬂa Kolokotroni;
ation

AR
Organis
RS \‘Q

R

B”l@@gé@fg\?&g@(\% NSt It has been established over recent years through research work and built
ishment \

examples that night ventilation is an effective low energy cooling technique
for appropriately designed modern buildings, especially in climates similar to
that of the UK with relatively low peak summer temperatures during the day
and medium to large diurnal temperature differences. Such climates permit
the thermal mass of the building to use the cool night air to discard the heat
absorhed during the day. Therefore cooling using night ventilation is
particularly suited to office buildings, which are usually unoccupied during the
night so that relatively high air flows can be used to provide maximum cooling
effect. Buildings using night ventilation for cooling have been evaluated in the
UK and encouraging results are reported!?),

In order to belp designers to explore the application of night ventilation
cooling in the early design stage, pre-design computer tools have been
developed!™™. These are based on various simplified theoretical and empirical
models and typical design days or user defined weather (typically for one
week}. Such tools provide the opportunity to explore quickly various
scenarios in terms of internal heat gaius, ventilation rates, occupancy patterns
and external temperatures. They predict peak temperatures or daily
temperature profiles and they can give an indication of expected energy
benefits by extrapolation of data to the whole cooling period. One such user-
friendly tool is Nitecool, which is now available from the BRE website
(http://projects.bre.co.uk/refurb/nitecool). This is for use at the early stages
of design development when the basic form and organisation of the building is
being evolved. User input is limited to a few key variables such as glazing
ratio, orientation, internal gains, ventilation rates and thermal mass. This
technique allows the designer to explore rapidly the effects of arange of
design variables. Nitecool can be used not only to assess the potential for
night cooling, but also to consider appropriate ventilation strategies for
refurbishment.

The design charts and tables included in this tool have been derived from
simulating the performance of a ‘typical’ office module throughout the
summer period using full weather data and a finite difference thermal
simulation model. In this way, more detailed analysis is provided but only for
the SE England climate considered. In addition, the potential energy savings
have been derived by comparing the hourly temperatures achieved in the
night-cooled office with an identical office controlled to the same conditions
by an active cooling system.

This tool gives the maximum temperature and the fan hours operation for
night cooling on the basis of the following parameters:
® Climate
@ Building thermal inertia
® Window solar protection

4411923 6647
SRR
TRtk
\paime j@breico!

NRalmeEre Co
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@ Internal gains
@ Plant

These are defined in Section 2. The results from the simulations are presented
in the form of design charts (Section 3). Example calculations are included to
illustrate the intended method of use.

Thermal model and weather data

The two constructions and the control strategy were programmed into the
thermal model APACHE and simulations performed for the four summer
months from June to September. For each simulation temperature, frequency
distributions and related energy data have been generated for those months.

2 Parameters

2.1 Climate

Heathrow weather data were used for the simulations. They are characterised
by a peak temperature of 29 °C and solar radiation values typical for SE
England.

2.1.1 Temperature
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g g
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2.2 Building thermal inertia

The building model is based on a typical cellular office with dimensions 10 m
width, 6 m depth and 3 m floor-to-ceiling height. It is positioned in the middle
of a row of offices on the middle floor of a three-storey office block and has
0.2 m® glazing per m? of floor area. This module has been derived as a suitable
office for night cooling through previous research work(®). A thermally
heavyweight and a thermally lightweight construction are simulated as the
two extremes for creating the curves. In both constructions the thermal
conductivity of the external wall is kept similar with 100 mm mineral fibre
insulation, while the internal partitions, floor and ceilings are assumed to be
adjacent to spaces with similar temperatures to the simulated space. For the
heavyweight construction the required exposed thermal mass is provided by

—
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75 mm exposed concrete on the ceiling and 100 mm plastered concrete block
on the external wall. In contrast, the reference (internally lightweight) module
has a false ceiling and 400 mm air gap underneath a 150 mm concrete slab.
The external wall is insulated framed construction with lightweight plaster on
the internal face. In both cases the floor is carpeted and the internal partitions
are lightweight plasterboard.

2.3 Window solar protection

Estimated solar gains need to be added to the internal gains to use the design
charts. Values have been generated for two extreme glazing types: low gain
(egreflective double glazing) and high gain (eg single clear glass). These are
given in Table 1.

2.4 Internal gains

Occupancy is assumed between 08.00 and 18.00 h during weekdays only.

2.5 Plant

Day ventilation is operated to correspond with occupancy between (8.00 and
18,00 h during weekdays only.

Night ventilation is operated between 24.00 and 07.00 h. The controls are as
follows based on work by BSRIAUI which operate night cooling when all the
following conditions are satisfied:

@ The time is between midnight and 07.00 h

® Inside air temperature >18 °C

@® Outside temperature >12 °C

@ Outside air temperature < inside air temperature
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3 Design charts and tables T 3

»

The charts and tables can be used to estimate three parameters in turn: peak y
temperatures, free cooling provided and fan energy required.

3.1 Peak temperatures .

Figure 1 shows the peak day internal dry resultant temperature exceeded for
30 h over the 4-month period. The temperatures are shown as a function of

the following parameters:

® Combined solar and internal heat gains

® Exposed thermal mass
@ Day ventilation rate
@ Night ventilation rate

From Figure 1 it can be seen that the lowest temperatures are achieved in the
case of high day ventilation rates and exposed thermal mass office. In general, :
there is a2 °C temperature difference between the reference and the exposed

thermal mass office.

It should be noted that the observed positive aspects of daytime ventilation
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Figure 1 Internal dry resultant temperatures exceeded for 30 h in reference and exposed thermal mass offices, using

Heathrow weather data
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are related to and are dependent on external temperatures such as those
usually found in the UK and other moderate summer climates {ie peak
external temperatures up to 29 °C}). However, in hot climates and indeed
during hot days in the UK, minimum daytime ventilation rates would be more
beneficial.

Calculation of solar and internal gains

In order to use the graphs of Figure 1, an estimate of the likely solar and
internal gains is required. Internal gains will depend on the design of the office
and occupancy patterns. Typical good practice values are 5-25 W/m? for
occupants, 5-1¢ W/m? for lighting and 10-15 W/m? for IT equipment.

Solar gains are more difficult to estimate and will depend on orientation,
area and type of glazing, and type and extent of solar shading. However, as a
rule of thumb the values in Table 1 are provided for the case with no shading
in the UK. It should be noted that solar gains would be different for different
latitudes, especially lower ones where south heat gains are usually less than
those from east and west. Again, as a rule of thumb, it can be assumed that
solar gains are proportional to the glazing area and to the shading coeflicient.
The values presented in Table 1 have been derived from simulations using the
reference office with the same weather and occupancy conditions as those
described above,

Table 1 Predicted solar gains using Heathrow weather data
Orientation
North East South West
W/m?)  (W/m?3) (W/m®) (W/m?

Low-gain glazing (eg reflective double glass) 7 12 20 20
High-gain glazing (eg single clear glass) 10 24 35 .35

Figure 1 presents the internal dry resultant temperatures that were
exceeded for 30 h in a reference office and an exposed thermal mass office
using Heathrow weather data. Maximum space temperatures were predicted
to be higher by about 1.5 t0 2.0 °C for the reference office and 1.0 to 1.5 °C for
the exposed thermal mass office. It should be noted that in mechanical
systems, and in particular when high ventilation rates are utilised, fan pick-up
can increase temperatures by about .5 to 1.4 °C.

3.2 Free cooling provided

It should be noted that Figure 1 presents peak temperature reductions only. In
many cases, larger reductions are achieved during other times of the occupied
period especially during the morning hours, as presented schematically in
Figure 2. This effect is taken into account for the calculation of total free
cooling provided during occupancy hours as presented in Figure 3.

The free cooling has been quantified in terms of energy saved per unit floor
area during the summer months of June to September. It is clear that the free
energy provided by night ventilation is a worthwhile strategy in the exposed
thermal mass office, providing between 6 and 20 kWh/m?/annum of free
energy. However, there is some benefit in night ventilating a reference-type
building as the free energy provided ranges hetween 2 and
5kWh/m?/annum. In the reference building, the benefits might be offset by
the energy required to run a fan in mechanical systems, although night
ventilation would certainly be a worthwhile strategy if it is provided by natural
means.
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Figure 2 Schematic of hourly temperature in an exposed thermal mass office with and without
night ventilation. Internal gains are set to 25 W/m?, infiltration to 0.4 air changes per hour (ach)
and day ventilation to 2 ach
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3.3 Fan energy required

If the night ventilation is provided through a mechanical system, some energy
is required for the fans during the night. An indication of the required energy
is presented in Figure 4 in terms of fan hours run. These estimated fan hours
can be multiplied by the fan power to obtain fan energy consumption as

follows:

E., =SFPx(Q xA

fan

where: E

fan

= fan energy consumption (Wh/m?/annum)

SFP = specific fan power (W/1/5)
Q. =airflow rate (I/s/m?)

A =fan run hours during summer
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Figure 4 Number of fan hours to provide the free cooling predicted in Figure 3
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Table 2 Example calculations for fan energy consumption (internal + solar gains 25 W/m?)

3.4 Example calculations

Table 2 provides some example calculations for a case with internal + solar
gains of 25 W/m?. It can be seen that the energy required by advanced and
best practice (SFP=10.75 to 1+) fans is only a small percentage of the free
cooling provided by night ventilation. It could be a worthwhile strategy for
exposed mass building when using less efficient fans, but the benefits may be
offset by the fan energy consumption for the reference case and at higher
ventilation rates.

Day Night Temp Cooling Fanrun
ventilation ventilation (°C}) (kWh,/m?2/annum) (h) Fan energy (kWh/m?/annum)
{ach) {ach} {Fig 1} (Fig 3) (Fig 4) SFP=0.75 SFP=1 SFP=2
Reference office
2 2 28 3 275 0.35 0.45 0.9
2 g 26.5 3.25 125 0.6 0.8 1.6
Exposed thermal mass office
2 2 25 11 450 0.55 0.75 1.5
2 8 24 13 315 15 2
References

[1] Willis S, Fordham M and Bordass B. Avoiding and minimising the use of air-conditioning.
Aresearch report from the EnRE! Programme. BRESCU, Report 31, October 1995.

[2] Martin A and Fletcher J. Night time is the right time. Building Services Journal, August
1996.

[3] Webb B and Kolokotroni M. Night cooling a 1950s office. The Architects’ Journal, 13 June
1996.

[4] Florentzou F, van der Maas J and Roulet C-A. LESOCOOL v1.0. EPFL, March 1996.

[5] Santamouris M and Asimakopoulos D (Eds). SUMMER v2.0: A tool for passive cooling of
buildings. CIENE, Department of Applied Physics, University of Athens, 1996.

[6] Tindale AW, Irving S J, Concannon P J and Kolokotroni M. Simplified method for night
cooling. CIBSE National Conference 1995, Easthourne, 1-3 October 1995. Vol pp 8-13.

[7] Fletcher J and Martin A J. Night cooling control strategies. Technical Appraisal 14,/96,
BSRIA.

b e el



89

ChapterE Nightcoolingin
residential buildings

Orbar Eh s . oL . oy . . .
Oég%risn e \\\ Night cooling is introduced into the building at night by opening windows or
ressia ' )

N %\; b §§\ vents. As the air circulates it comes into thermal contact with, and cools, the
exposed building fabric. The stored coolness helps to limit temperature rises
the following day.

With natural ventilation systems in residential buildings, the air flow is
mainly due ro windows being opened. Typical air change rates of between
5 and 20 air changes per hour may be achieved in residential buildings, but
issues such as privacy, security and outdoor noise must be addressed. It is
important with natural ventilation cooling that the designs allow for cross
ventilation, with windows on each side of the building. To enable good
control of the air flow rate during the night, windows should have some
means of being kept open in various positions (eg half opened or completely
opened). Additionally, in some cases, shutters should be designed in order to
aliow air flow but to provide security against robbery or protection from
unwanted natural light (eg for bedrooms).

Whether the system is controlled automatically or manually, the goal is to
precool the building as much as possible during night-time in order to prevent
overheating the following day. During warm weather, night ventilation can
always be used, but when days are cooler there can be a conflict between
comfort during the night and comfort during the day. This is often the case
when internal temperature swings are high, which occurs for lightweight
buildings or ones with large solar gains. Air speed must also be limited so as
not to cause thermal discomfort, especially at night when outdoor
temperatures may be less than about 15 °C.

This tool gives the gives minimum solar protection required to limit the
maximum internal temperature to specified values. The data presented have
been generated using the simplified thermal model COMET where the room
behaviour is represented by an RC (resistance-capacitance) network.

The parameters of climate, building thermal inertia, window solar
protection, ventilation strategy and noise exposure of facades are defined in
Section 2. The results from the simulations are presented in the form of design
tables in Section 3.
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2 Parameters

2.1 Climate

Four different climates have been considered (F1, F2, F3, F4) with
temperatures and solar radiation characteristics as detailed in Figure 1.

Temperalures Temperatures Wim2 Solar for climatic area F1 and F2
35 800 on
700 -
Lo 600
500 E YV w
_ 400 il INTIN T_“
/ 0T —H 7\
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0 d ! h
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fous 0 6 12 18 20U
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Faint | | —FaLt - Fain |

Figure 1 Characteristics of the four climates

2.2 Building thermal inertia

Five classes of thermal inertia have been included:
TL Very heavy

L Heavy
ML  Medium
Le Light

TLe Verylight

They are as defined by the following table.

Internal wall Internal
Ceiling External between wall in the
Inertia class or roof Floor wall dwellings dwelling

TL Veryheavy Heavy Ground inertia  Heavy — —

TL Veryheavy Heavy Ground inertia — Heavy Heavy
L  Heawy Heavy Heavy Heavy — -
L Heawy Heavy Heavy — Heavy Heavy
ML Medium Heavy Heavy — e -—
Le Light — Heavy — — —
Le Light Heavy — — — -

TLe Very light — — — — —
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2.3 Window solar protection

The definition of solar protection classes is as follows :

PP Permeable window protection: this kind of protection enables natural
ventilation even when they are operated at night. If there are security
hazards, the pretection must be suitable

PNP Non-permeable window protection: other types of protection with
transparency less than 10%

SPI>  Without any window protection but with architectural solar
protection as overhangs

Sp Other cases

The overhangs for SPID must be equal at least to % of the window height with
alength equal at least to twice the window width (see Figure 2).

Figure 2 Size of overhangs for windows

2.4 Ventilation strategy and noise exposure of facades

Two cascs of noise exposure are defined:

EB1 Bedroom not exposed to noise, other rooms exposed to a noise
requiring an acoustic insulation less or equal to 30 dB(A)

EB2 Othercases

Four base cases have been considered on the basis of these exposures:

A Dwelling with cross ventilation, all rooms EB1

B Dwelling without cross ventilation, all rooms EB1

C Dwelling with cross ventilation, 35 % of windows (area-based) in EB1
situation

D Other cases
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'3 ‘Design tables e S

These tables define the minimum solar protection required to obtain specified
maximum values of indoor operative temperature (28,2% and 30 °C) as a
function of the parameters described in Section 2. The blank cells indicate that
a passive solution is not sufficient, and that for these cases additional cooling
equipment would be needed.

For basic cases, the following table can be used.

Tref 28 °C “ || 30 °C
Zone_J[CASE A B cl o [ A D [ A B | C | D
TL SPD [8PNRS PN ¥PNE
F1 L SPD | SPD |§BNPE SPNP: SPD [ERNE}
ML, SPD | SPD [RBRNE& FPNPs SPD [ERNE:
Le SPD | SPD BN SPD “PNP? SPD | SPD [ERNP}
TlLe iENPHEPNRS BRNPS SPD | SPD |:RNP& %1&'
TL [ SPD [ERNP
F2 L SPD SPD [4RNPi
ML SPD [4PNP}
Le SPD | SPD SPD |[3RNEI[GENR:
TLe SRNEI[$PNEE [ SPD |4RNR#[$PNPR
TL spD [ SPD [& SPD BRNPL
F3 L SPD | SPD SPD |§RN
ML SPD |.PNP"
Le
[TLe
[TC
F4 L
ML
Le N ] e
TLe
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More detailed results are given below.

Chapter E  Night cooling in residential buildings

{ Inertia | Zone F1 | Zone F2 i Zone F3 | Zone F4 I
Maximum operative temperature: 27 °C
CASE | A B C D A B
TL SPD | SPD iPNR. - -
L SPD [{(RNRE.|IRNR: —t S
ML ‘SPD.[{RNR ¢ S S N S
Le  |SPD[RNRIENE: i S SN S Y S
TLe |PNRHRE P : Lo
Maximum operative temperature: 28 °C
CASE || A B C D A B C D A B C D A B C D
TL SPD {ENE 'SPD [[RNRIPNR SPD [PNRINER NREA |
L SPD SPD |iRNB SPD |\RNR:
ML SPD | SPD |iRNR: SPD [RNR:
Le 'SPD.:SPD iR (PNRIKE RNE
TLe [IPNR{PNRIS
CASE | A B C D D
TL "SPD {RNR.
L SPD [RNE
ML SPD [iBNR
Le SPD | SPD [iRNE
TLe | SPD [RNElENE SR
CASE | A B C D A B C D A B C
TL {RNE: SPD [iBNR: SPDSPD
L SPD [iENE; SPD [RNE; SPD [IRNE]
ML SPD [ENE; SPDIRNR]| SPD'] SPD RN
Le SPD | SPD RNR. SPD IENRIRNR) SPD |RNRERNE:
TlLe SPD | SPD [iENR.{ENR SPD PNRI[IPNR BN
Maximum operative temperature: 31 °C
CASE|l A BJc|DJA|B]J]C|[D]J]A[B]JC]DJ[A]B]C]D
TL 'SPD SPD [RNE] SPD | SPD [IRNR][SPD | SPD |iRNE:
L SPD SPD SPD | SPD [{RNR:| SPD | SPD |:RNE:
ML RNE SPD SPD | SPD |\BNR SPD {RNRiiRNE:
Le SPD:iRNR: 'SRD;| SPD IRNR] SPD:.SPD {RPNE) SPD.[{RNRIERS
TLe [{SPD}SPD | SPDIRNE] SPD ERNRIRNE ENRIRNENEE PNR
Maximum operative temperature: 32 °C
CASE | A B C D A B C D A B C D A B C D
TL SRED. SPD: -SRDH{IRNE: SPD RNRIIRNR:
L SRD BNR SPD |iRNE; SPD |iBNR
ML 'SPD SPD HRNR SPD | SPD [IENE SPD | SPD [iPNR:
Le (RNR: SPD RN SPD |iPNRIEPNRE SPD [iRNRIIRNR
TlLe :SPD | SPD.|RNR| SPD::SPD iRNP.IENR] SPD [iRNRIiPNR: BNR
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Ground coupled
air systems
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Ground coupled air systems have become quite popular in Central Europe.
They are primarily used for preconditioning outdoor air in summer. The
outdoor air is supplied to the ventilation system via an underground ducting
system where the ground functions as thermal mass, helping to compensate
seasonal and daily temperature variations. As well as the cooling effect in
summer, there is also an air preheating effect in winter. (See Figures 1 and 2.)
However the benefit is greatest in summer since air preheating in winter only
acts to reduce the heat recuperation in the exhaust air heat exchanger. One
advantage, however, is to help to prevent icing of the heat exchanger, leading
to a simpler mode of operation.

28°C

15°C|18°C

5°C

17 °C 20°C
10° /—

NA

Figure 1 Typical operating schemes of an air ground coupling system in summer (feft) and in winter (right)

Figure 2 Large ground coupiing syster!! during construction.
The pipes are brought into position before the basement slabis
cast




96

IEA-BCS Annex 28 Early design guidance for low energy cooling

Cooling performance at T =251 0.5 °C [K]
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Figure 3 Ground coupling system performance for different climates

The use of ground coupling is suited to climates having a large temperature
differential between summer and winter, and also between day and night.
Figure 3 shows the performance in different climates. The most appropriate
applications are in the moderate climate of Central Europe. The cooling
power is reduced in very hot climates whereas in cooler climates, as well as
the cooling power being greater, there is normally only a small cooling
demand which has to be met.

In principle, ground coupled air systems can be used both for independent
cooling of room air and to supplement other cooling systems. As ground
coupling merely precools the air, further cooling of the supply air can (if
necessary) be done by additional cooling, or alternatively heat can be
extracted from a room using static cooling surfaces (eg cooling ceilings, slab
cooling). The following combinations may be considered:
® Ground eoupled air systems with natural night-time air cooling
® Ground coupled air systerns with mechanical night-time air cooling
@ Ground coupled air systems with slab cooling/cooled ceiling

Combinations with adiabatic systems (evaporation cooling) are less
appropriate. Combinations with geothermal wells or using ground-water are
possible, but it is usually more economic to use the latter as stand-alone
systems, ie without ground coupled air systems.

In designing the ground coupled air systems, a distinction should be made
between the following systems (see Figure 4).

Comfort cooling

Ground coupling is used solely to improve comfort without predefined
cooling capacity. Typical applications are displacement ventilation systems
for office buildings with low internal loads and for conditioning outdoor air in
domestic buildings, atria, etc, with mechanical ventilation. In both these cases
the air flow rates are relatively small (air chauge rate 0.5-1.0 h™'), and it is
important that the supply temperature lies below room temperature. Ground
coupled air systems fulfil this important criterion for displacement ventilation
systems as the exit temperature from ground coupled air systems is always
below that of the room air, provided the room is not otherwise cooled.
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However, it must be permissible for the room air temperature to rise on hotter
days. With increasing outdoor air temperature, the output of ground coupling
systems increases strongly as a function of temperature difference between
ground and outdoor air. Ground coupling is thus particularly well suited to the
eflicient removal of external heat loads.

Room cooling

The function of ground coupled air systems is to remove internal heat loads
via the ventilation system. In cases where internal heat loads have to be
removed, larger air flow rates are required. The cooling capacity depends
primarily on outdoor temperature and on the condition of the ground. Under
constant Joad, the cooling capacity of the ground may become exhausted. As
a stand-alone measure, it is not generally possible for the ground to meet a
constant level of high loads. From experience, the maximum values lie around
30-50 Wh/m?d (with respect to the total floor area) at an air change rate of
2.0 h™'. As soon as the outdoor temperature falls below 19 °C (eg at night-
time), provision should be made for outdoor air to be extracted directly via a
by-pass, and the air change rate increased to around 4.0 h™. This mode of
operation permits regeneration of the pround coupling system.

Auxiliary cooling

Ground coupled air systems are used to supplement an existing cooling
system. Greater heat loads can be removed by combining ground coupled air
systems with other cooling systems. For example, existing refrigeration plant
can be used to cover peak loads. However, it should be remembered that as a
rule both low supply air temperatures (for reasons of comfort) and large air
flow rates (leading to high fan consumption) should be avoided. For still
higher loads, it is an advantage to separate ventilation and cooling systems.
Here, the ground coupled air system supplies cooled outdoor air to the room,
while the static cooling surfaces remove the remaining heat. At a heat load of
around 100 Wh/m?d, this can be achieved very efficiently by means of
concrete slab cooling. For extreme heat loads, mechanically cooled ceilings
are appropriate.

no control

Operation mode Temperatures Performances
35 .

Comfort cooling sp ) 'Metairtlemperature Cooling at 25 °C 8.3K
257 Coocling perform. 1138 kWh/a
20 Service hours 8760 h

15
10 Qutlet air temperature

2607 27.07 2807 29.07 30.07

Room Cooling

temperature controlled,
onat Text>18°C

5
30
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P
10

26.07 2707 28.07 29.07 30.07

Coocling at 25 °C 86K
Cooling perform. 558 kWh/a
Service hours 926 h

Inlet air temperature
“a

T

COutlet air tempearature

Auxiliary Cooling

controlled by
main cooling system,
here: 06.00-18.00 hours

Cooling at 25 °C 9.3K
Cooling perform. 873 kWh/a
Service hours 4380 h
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e

i
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Figure 4 Overview of typical operation modes for ground coupled air systems. Long aperation hours give a high yearly
performance whereas short operaticn hours result in better peak performance {Ziirich, 1 pipe, 250 mi/h, diameter 0.2 m, length

30m, depth 2.5 m}
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2 Parameters

2.1 Positioning

The ground coupling system should be positioned as deep as possible in the
ground. Figure 5 shows the ground temperatures as a function of depth and
time of year. However, the excavation costs for laying the ground coupling
system represent a significant fraction of total installation costs, and costs for
deeper excavation are usually prohibitive.

The distance between the pipes should be about 1.0 m. At smaller spacings,
mutual interference between the pipes is too great. For the daily charging and
discharging cycle to function correctly, much greater spacings are not
advisable. When positioned beneath a building, it is essential that the
basement rooms are unheated. Even on the assumption that the basement is
well insulated (U= 0.5 W/m?K), about 40 kWh,/m?a of heat is lost, causing
the ground to heat up.

Although wet and heavy soils are an advantage in terms of thermal
performance, the presence of ground-water involves extensive sealing
precautions carrying a cost penalty (see Table 1).

Temperature [°C]
19

OmlL—]
2D
15 [4mE N
/ omaSh
11 =
] L
) N
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3‘“0—..,
cnaahmzm*dﬁ)u
3 £P3<3532 80284

Figure 5 Ground temperatures at different depths for Zurich. A depth
of 2 to 4 mis recommended for ground coupled air systems. Owing to
the time shift, temperatures are still relatively low at this depth during
the manth of July

Table 1 Properties of different soil qualities®. The influence on the cooling
performance is less than x10 % and therefore relatively small

Properties
Ground type W/mK kg/m? J/kgK Cooling (%)
Wet soil 1.5 1400 1400 100
Dry sand 0.7 1500 920 90
Wet sand 1.88 1500 1200 98
Damp clay 1.45 1800 1340 104

Wet clay 2.9 1800 1590 105

Tl TEm w A

rnntli i i e o amntnsbhendl. sl
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2.2 Size

The size of ground coupling systems depends on the design air flow rate and
on the area available. Smaller systems, for example for improving comfort in
domestic buildings, can be built at relatively low cost. In particular, the inlet
and outlet ducts can be simply designed. Larger plants, as well as those
immersed in ground-water, are considerably more costly since large inlet and
outlet ducts are required as terminal point, for the pipes.

To limit the pressure drops in the piping system, the air velocity in the pipe
should be about 2.0 m/s. In the case of plastic pipes in common use with a
diameter of 20 cm, this is equivalent to a flow rate of 250 m*/h per pipe. The
exact values can be taken from Figure 6.

The optimum pipe length is a function of pipe diameter and air velocity.
Pipes over 40 m in length perform efhiciently only when of larger diameter
(see Figure 7). With long pipes, thermal expansion must be very carefuily
considered.

Internal diameter [cm)
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Figure 6 Volume flow rate per ground coupling pipe. When selecting the type of pipe it is advisable to choose smalf diameters
between 15 and 25 cm with air velocities around 2 m/s
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Figure 7 Influence of pipe length on cocling performance. 80% of the maximum
performance should be considerad as optimum. Iffong distribution ducts are situated
before the piping system, their influence on the performance can also be taken into
account
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2.3 Operation

The mode of operation depends primarily on the particular application.
Wherever possible, complex control procedures should be avoided. The
following modes of operation are recommended for the three typical systems
mentioned earlier.

Comfort cooling

To achieve best results, the air should always be passed through the ground
coupling system. Air flow rate and duration of operation depend on the
ventilation system. Ground regeneration should take place when outdoor
temperatures are low.

Room cooling

In cases where internal loads must be removed and where the ground
coupling system must ensure that a maximum room temperature is not
exceeded, the system should be in operation only when absolutely necessary.
For outdoor temperatures below 19 °C, the simplest procedure is to supply
outdoor air directly by means of a by-pass. Ifa building controf system 1s
installed, the temperature difference between the room and outdoor air (eg
AT >5 K) can be used as a criterion for direct supply. Since the supply of
outdoor air is practically unlimited, the air flow rate can be increased in this
mode of operation to correspond to an air change rate of 4 h™', For this system
most of the heat should be removed by cutdoor air cooling, so that the ground
coupling system is only required for peak loads during daytime.

Auxiliary cooling

With auxiliary cooling, continuous operation of the ground coupled air
systems is also to be recommended. Regulation of total cooling capacity is
best delegated to the conventional system. The ground coupled air system
has a compensating effect, reducing temperature extremes, and is self-
regenerating during cold periods.
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When the ]ocation, position and mode of operation have been determined, an
estimate of the ground coupling system output can be made. The peak
performance as well as the yearly output performance have to be considered.
Figure 7 and Table 2 give an overview of the relationship between these two
performances. Usually, the calculation of the peak performance will be more
important. Figures 8 and 9 and Table 3 can be used to size simple systems.

In more complex cases, or to obtain more precise values, simulations
should be carried out using a suitable computer program (see box).

Table 2 Cooling performance {K) of ground coupled air systems for different weather conditions and different locations (pipe
5 m;volume flow rate 250 m?/h): The table shows how much the air can

Bis egrees K) and the sefvice hours at these temperatures (SD = standard

deviation)

Annual  Inlettemp (°C):

mean 15:0.5 20:0.5 25:0.5 30:0.5  Service hours

Location temp(°C) Avg SD Avg SD Avg SD Avg SD 15 20 25 30
Almeria (Spain) 18.0 08 02 18 09 3.2 1.2 62 09 27 266 361 132
Messina {italy) 17.9 0.7 01 2.0 1.0 30 1.2 60 06 36 180 307 149
Sacramento [USA) 15.0 1.7 0.7 2.2 1.3 54 1.4 84 08 69 111 64 54
Rome {ltaly) 14.5 22 09 24 16 51 1.2 82 09 142 308 153 75
Marseilles (France} 14.3 1.9 09 24 1.5 50 1.0 78 0.7 170 392 201 59
Madrid (Spain) 13.9 22 08 23 1.7 53 14 83 08 173 393 164 60
Milano {Italy} 12.3 2.8 1.2 3.0 1.8 6.0 1.4 92 1.1 201 324 164 62
Locarno {Switzerland) 11.1 2.7 1.6 39 1.5 68 09 99 06 223 299 143 11
Paris {France) 10.9 2.2 1.3 4.2 1.0 74 08 10.3 — 359 244 65 1
Macon (France) 10.6 2.2 14 4.4 1.4 7.7 11 108 0.7 280 205 95 18
London (Britain) 10.5 2.0 1.2 5.0 1.0 83 07 — — 493 198 47 0
Vienna (Austria} 10.2 2.7 1.6 4.3 1.4 7.2 1.0 10.8 0.7 256 311 103 10
Geneva (Switzerland) 10.0 2.5 1.7 4.7 1.4 75 09 10.7 0.8 266 226 99 25
Dublin {Ireland) 9.7 26 1.1 56 0.7 89 08 122 00 376 123 17

Bonn (Germany) 9.7 1.9 1.2 5.2 1.2 79 08 113 — 376 240 58 1
De Bilt {Netherlands) 9.4 2.4 1.3 572 1.1 85 09 10,5 05 369 137 45 2
Zurich {Switzerland) 9.0 24 15 53 14 83 09 11.2 05 383 194 62 7
Berne {Switzerland) 8.7 26 16 5.7 15 84 08 115 06 3% 186 66 10
Hamburg (Germany) 8.5 2.5 1.1 58 11 89 0.7 126 — 398 161 47 1
Innsbruck (Austria) 8.2 28 17 549 1.4 88 1.1 11.7 04 386 187 42 8
Prague {Czech) 8.0 2.7 1.5 5.9 1.3 91 1.1 118 05 352 182 67 3
Warsaw {Poland) 79 2.7 1.5 5.6 1.6 87 10 11.2 06 348 174 68 20
Copenhagen (Dermark) 7.7 3.0 1.1 6.1 0.7 96 0.6 — — 449 142 24 0
Stockholm (Sweden) 6.7 3.2 1.4 6.4 1.0 9.4 0.6 — — 327 153 37 0
Samedan (Switzerland) 14 7.0 14 97 0.7 125 — — — 163 61 1 0
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Figure 8 Cooling performance and peak performance of ground coupled air systems for different locations (for system

definition see Table 2)

The Resrstance—Capamty Model (detarled in IEA Annex 28 Subtask 2 Report 3)

The calculation of ground coupled air systems jscomplex because the real geometrrcal

situation and the dynamic behaviour of the system are difficult to simulate. Good results can be

obtained with the Resistance-Capacity Model WKM™, originally developed by Arthur Huber.
The WKM considers only a single pipe, surrounded by 50 cm of soil. For daily charging and

discharging, only this 50 cm layer is calculated with three possible boundary conditions:

‘@ Unidisturbed ground, whose temperature is calculated according to the depth.in the ground
and the outdoor climate

‘® Ground underneath a buitding: the boundary temperature is calculated using the basemnt
temperature of the building and the thermal resistance between building and pipe «

. Ground between ground coupling pipes: this part is considered to be adiabatic. There is no
‘heat flux through the boundary layer, but the capacity of the soif is considered” = - 4

"The WKM program is analogous to an electrical circuit with resistance and capacity. The.
portions of the ground with different boundary conditions (undisturbed, building influenced,
-adiabatic) havé to be estimated according to the real conditions. The program calcufates four
temperature nodes for each boundary condition. The length of pipe is divided into six pipe |
segments where the outlet temperature of one segment is the mlet temperature of the next
segment - W
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Figure 9 Cooling power as a function of pipe diameter, pipe length and volume flow rate for Zirich, continuous operation and
depth in ground of 2.5 m (inner diameter of pipe/length of pipe). For locations other than Ziirich the corrections in Table 3 should
be used

Table 3 Correction factors for cooling power at 25 °C for different climates (annual mean temperatures},

depths of piping systems under ground, and types of ground

Annual Depth

mean Correction under Correction Ground Correction

temp {°C}) factor ground{m) factor type factor
H 1.29 7.0 1.175 Wet clay 105
6 1.22 6.0 1.17 Damp clay 104
7 1.15 5.0 1.16 Wet soil 100
8 1.08 4.0 1.12 Wet sand 98
9 1.01 35 1.09 Dry sand 90

10 0.94 3.0 1.05

11 0.87 2.5 1.00

12 0.80 2.0 0.54

13 0.73 15 0.87

14 0.66 1.0 0.79
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Outlet temperature [*C]
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Figure 10 Cooling power as a function of inlet temperature and location (pipe length
30 m, diameter 0.2 m, depth 2.5 m, volume flow rate 250 m3/h)
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Figure 11 Relationship between cooling power, cooling energy and outdoor temperature (Zirich, 250 m*/h, pipe diameter 0.2
m, pipe length 30 m, depth 2.5 m, wet soil). The summation curve indicates the amount of cooling energy that can be expected
above a selected set point ’

® Four-storey office building, 25 x 16 m, total flocr area 1600 m?,

® Air flow rate corresponding to an air change rate of 2.0/h {raom cooling): volume 10 240 m?,

@ Number of pipes: 20, diameter 30 cm, 16 mlong (note: 15 pipes with diameter of 35 cm areless
effective).

@ Distribution ducts: with regard to their cocling effect the concrete distribution ducts together
{1.8 mx 0.8 m) correspond in total to 100 m of pipes {with respect to area of ground contact). This
effect is taken into account by a fictitious increase in pipe length of 10 m, giving a total length of 26 m.

@ Cooling of inlet air {at outdoor temperatures 25 °Cby 5.8 Kto 19.2 °C {Figure 8).

If the building is situated in London with a yearly mean temperature of 10.5 °C the cooling power can be
corrected according to Table 3. This results in a corrected cooling of 0.9 x 5.8 K = 5.22 K. If the depth of
the pipes is 4 m below ground, a second adjustment can be made with a factor of 1.12 (see also Table 2).
The ground correction has only to be applied for extremely dry or wet ground. The final cooling will be 5.85
K, resulting in a cooling power of 512 m3/h x 5.85 K x0.32 Wh/m3K = 960 W, total = 19 kW.

Conclusion
The ground coupling system can remove about 12 W/m2. I the internal load is 40 kW {25 W/m?} the excess
heat may be stored in the building mass and removed by night ventilation.

A combination of the ground coupled air system and nighttime ventilation could provide the required
standard of comfort. Neither the ground coupled air system nor night-time ventilation alone would be
sufficient to fulfil the room temperature criterion of 26 °C.
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4.1 Airintake

The procedure for air intake has a decisive influence on the quality of the
supply air. In addition to fouling of the intake by birds and other small animals,
by children, and contamination by suspended particles, etc, the quality of the
air at the point of intake is of great importance.

Raising the intake above the ground prevents ingestion of radon gas, which
may seep through the ground at any point, reduces the concentration of
exhaust fumes from road vehicles, and, as a rule, reduces the air intake
temperature. To further ensure low intake temperatures, air intake above parts
of'the building exposed to strong sunshine or over macadamised surfaces
should be avoided. Placement of (odourless) vegetation around the intake can
also considerably reduce intake temperatures.

Fouling can be avoided both by restricting access and by mounting a tight-
fitting grille. Filters can only be recommended if regular inspection and
maintenance are assured. Coarse and fine particle filters effectively remove
non-volatile air pollutants such as pollen, fungal spores and bacteria. This
option should be considered in situations where professional maintenance
facilities are available. (See Figures 12 and 13.)

Figure 12 Airinlet for a medium-sized ground Figure 13 Airinlet for a small ground coupling
coupling systemn. Filters for the removal of small systemwith only two pipes. If the inlet is via a
particles are placed between the ground coupling vertical well as ilustrated, it has to be ensured that
system and ventilation plant no radon gas will enter the systemn

4.2 Distribution and collection ducts

In larger plant, air delivery to the ground coupling system pipes is viaa
distribution duct. This should be generously sized to ensure that the pressure
losses for all air paths are of similar magnitude. The same applies to the
collection duct. This ensures that all pipes have the same flow rate.
Distribution and collector ducts should be man-sized, or at a minimum
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Basemant

Access (airlight)

[

Pipe

Figure 14 Section through concrete
distribution duct of a large ground coupling
system. The pipes have to allow for thermal
expansion

Figure 15 Concrete collection duct of a large
ground coupling system. All pipes are
accessible for maintenance

provide crawling access, to enable the ground coupling system to be
inspected, and, if necessary, to be cleaned. Both ducts should, as far as
possible, be airtight and fitted with drainage and siphon. (See Figures 14
and 15.)

As the distribution duct is at a lower level than the collector duct, drainage
here is particularly important to enable condensate, any ground-water or
water remaining from cleaning to escape.

If possible, heavy concrete distribution ducts should be chosen. These have
the advantage of cooling down outdoor air in summer and preheating it in
winter. Ground coupling systems positioned beneath the building are
protected against icing. The distribution duct should, if possible, be situated
away from the building and be in contact with the ground on all sides.

4.3 Ground coupling piping system

Ground coupling pipes are constructed exclusively of round plastic, cement or
cement fibre pipes. The choice of material is primarily a question of cost.
Figure 16 shows the material costs as a function of diameter. For smaller pipes
with diameters of up to about 30 ¢m, plastic piping based on PVC or HDPE is
preferable. For larger diameters, cement pipes are cheaper. However, when

Price [SFr./m]

S o
80 Cement sealed
| Cement :
60 I O HDPE ,__T‘-/.':"‘ ‘-'__—"
i PV : L — ”// B
40 I ,//
,’*’:-“/
20 __,'—-'ﬂ"'"" L
0
150 200 250 300 350 400

Diameter [mm]

Figure 16 Prices for different pipe materials
{1 USS = 1.5 SFr). Small diameters are generally more
economic and also thermally more efficient
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special seals are called for, this is a very expensive option. In general, larger
numbers of small pipes have a better cost-benefit ratio than fewer large pipes.

The position of ground coupling pipes makes them very difficult to repair,
so that emphasis should be placed on a long life-cycle £>50 years). For this
reason, thin-walled ribbed pipes or hoses are not suitable. The latter are also
quite critical as regards fouling, and are also very difficult to clean.

To ensure that condensate, any ground-water or remaining cleaning water
can drain off, ground coupling pipes should be inclined at approximately 1%
towards the intake (ic against the direction of air flow). In general, it is
sufficient to bed the pipes on sand in clean trenches, while shorter cement
pipes can be bedded on a small amount of lean concrete.

Straight pipes are the best choice as they are easy to inspect, but curved
pipes can also be used. It should be remembered that, owing to temperature
changes, pipes are subject to considerable thermal expansion (0.2 mm/mkK for
HDPE pipes, 0.08 mm/mK for PVC pipes). The distribution and collection
ducts must be designed to accommodate thermal expansion. For this, rubber
seals are normally provided, which not only permit axial movement but also
protect against ground-water. To prevent long-term lateral movement, the
pipes are cemented-in at the centre.



108 IEABCS Annex 28 Early design guidance for low energy cooling

M

5 Maintenance -

Ground coupled air systems are generally maintenance-free. Inspections
carried out on a range of older plant showed no marked degree of fouling!?l.
The concentration of airborne spores and bacteria was also measured. In the
majority of cases air quality with respect to these contaminants was better
after passing through the ground coupling system than in the original air (see
Figures 17 and 18).

As a precautionary measure it is nevertheless recommended that regular
inspections of the ground coupling system and of the remaining system
components be made. Attention should be paid in particular to the intake,
ducts and other equipment. Particularly in plants with ground-water seepage,
regular optical inspections are essential. As with hollow electrical piping,
curved ground coupling pipes should be fitted with a non-corrosive wire with
which to draw cleaning material through when necessary. The inclination
ensures that cleaning water can drain off.

Particularly with larger plant, it is essential to ensure that intake ducts are
not used for storage {(especially wood fuel), as this can lead to air
contamination.

Filters of the type used in ventilation systems are quite adequate. Pressure
loss and fouling should be monitored and the filters cleaned or changed as
necessary. In applications where for hygienic reasons higher standards of air
quality must be met, further reduction ofbacterial and spore concentrations
can be achieved by means of fine particle filters.

B  Outdoor air
B After GCS
]  Airtoroom

T I T T

SFH SFH SFH School  Office Build. MFH Food store Food store
Fraefel Kriesi Kurt Steinmaur  Stahlrain  Hausacker Frick Schénenwerd

Figure 17 Concentrations during summer of fungal spores in the outdoor air, the air leaving the ground coupling systemn, and the air
entering the rooms™. The numbers of spores are much higher than during winter, but the retationship between the concentrations is
similar. No values were available for the fungal concentration entering the food store in Schénenwerd
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Figure 18 Concentrations of bacteria during summert!
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