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ABSTRACT

This paperdecribes a research project to compare
using simulation, the summertimeomfort and
energy use of naturally ventilatechd mixed-mode
(limited cooling) UK office buildings. A large
number of simulationsvere run to investigate the
effects ofdifferent design factors, on four facades.
Various novel graphical methodsand regression
equations, areused to presenthe results. It was
found that without cooling, comfort could only be
achieved by using severpassive features to reduce
internal temperatures. wider range of mixednode
designs were shown to bew energythan natural
ventilation designs, with better daylighting
compensating for the cooling energy.

INTRODUCTION

This paper describes the results of investigations into

the mixedmode operation of UKoffice buildings
compared taatural ventilatioronly. It is based on
work carried out by VA Cooper for her PhD thésis

Until the 1960sfew buildings in the UKwere air
conditioned. Then changes in architecturdésign
lead to more use of degpan, taller buildingshigh
levels ofartificial lighting, andvery high levels of
glazing in lightweight structures. Thedactors,
combined with increasing traffic noise in cities,
often made it desirable to seal windowgith an
increased level of solagains, comfort could no
longer be achieved witmatural or mechanical
ventilation. Air conditioning seemed entirely
superior to natural or mechanical ventilation in a
society which believed everyproblem could be
solvedwith technology. The main argument against
air conditioning wasts cost. Randeland Mitchell®
reflectedthe generalview held in 1969: No one
would doubtthe desirability of air conditioning, but
what isgenerally questioned is wheth#re cost is
justified. . . . Hardly anywhere in this counfihe
UK] is it likely that an entirely satisfactory
environment will be achieved, in general,
throughout the year, without air conditioning”

Yet eventhen therewere dissentingvoices with
views remarkably similar tahose of 30 yearkater.
At the sameconference Thornléyput forward the
view that “. . . there is no need to hold the
temperature constant in a building providing that
the temperature liewithin an acceptable range for
comfort. The limits of ‘swingtéan be controlled by
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window size and shading devices, theass of the
structure, or by designing an air conditioning system

' of smaller capacity than would otherwise be the case
if a close control of internal conditionsasdecided
upon”

By the late 1980s, concenver the effects of CFCs
andHCFCs onthe ozone layer, a generalew that
Sick Building Syndrome was associatedth air
conditioning (though without muchard evidence),
and the highenergy costs ofair conditioning
compared tanatural ventilationwere causing many
to doubtthe value of air conditioning in the UK
climate. Atria and internal ‘streets’ suddenly
became popular, allowing stack-drivennatural
ventilation in deep plan buildings, and
environmentally-inclined designers returned
classical principles of exploitingatural ventilation
and daylight. But despite this trend, air conditioning
continued to grow strongly ithe ‘mass market’ of
newand refubishedoffices, partly due to the spread
of computing from dew mainframe terminals to a
PC on almostevery desk. It causedhe strongest
growth in energy use@ndassociated carbon dioxide
emissions, of any building sector.

to

The results of studies of real buildingsere
inconclusive on whether occupants preferred air
conditioning or natural ventilationshowing that
many other factorsvere involved. A big debate
about whethenatural ventilatiorwas preferable to
air conditioning began, with almost religiofesvour

on both sides. Buthen a ‘third way’ began to
emerge, already hinted at by Thorrlefhis was
‘mixed mode’ operation, whematural ventilation is
used for most ofhe time without cooling, butome
cooling is available to ‘peak-lop’ in hot weather so
that the internatemperature is limited tsay, 25C

- higher than in @loselycontrolledair conditioning
system, but sufficient to avoidhe more severe
discomfort of higher temperatures. Various
definitions for ‘mixed mode’ have been proposed,
but for the purposes ofthis work Cooper’% will

apply:

It is a building in which occupant€an open
windows, and which is designed witleffective
passive strategies for limiting the effects of the
external climate. The passively designed building is
utilised to provide acceptable conditions for the
majority of the year, and is supplemented by a



mechanical system, either on an ‘as amdhen
required’ basis, or on a seasonal basis.

Providing comfortable conditions ithe winter is
relatively easywith good basicdesignand awell-
designed heatingsystem.  Formodern offices,
meeting current insulation standards, theain
comfort problemsarelikely to occur inthe summer
due to overheating. Thesan either bevoided by
installing cooling, or by designing the building with

sufficient passive features to achieve adequate

summer conditions witmatural ventilation alone.
This led totwo fundamental questions fooffice
building design in the UK:

1. What are the limitations of natural ventilation in
the UK?
2. Could a mixed mode building use less energy,

andcost less toun, than arequivalent building
with natural ventilation only?

It might be assumedthat a mixed mode building
would always use more enerthyanone without any

model plant, runsquickly, and becausethere was
already experience of using the software at UMIST.

BUILDING

The office model chosen for simulation was based on
the CIBSE rectangulaioffice room described in the
1986 CIBSE Guide but with insulation upgraded to
current UK building regulation standards. It was 6m
deep fromthe external wall, consideresiifficiently
narrow for natural ventilation, 35m long, and 3m
high. For the simulations iwas oriented tdface
north, eastsouthandwest, sothat each simulation
corresponded to aaffice room on one facade of a
larger building. Itwas always assumed to be on
intermediate floor with thermally identicapaces
below the floor, abovethe ceilingand on theother
side ofinternalwalls. Table 1 summarises tfaric
elements. Admittance wamt used irthe model but
gives a good indication of thermal mass.

Table 1: Fabric elements of officeroom used in
simulations.

cooling, butthis is not thecase ifthe mixedmode
building uses less energy feomeother service. In

particular, it was hypothesisedhat a naturally

ventilated buildingwould have tolimit solar gain

and hence daylight, sucthat it could require more
artificial lighting than the mixed mode building. The

additional lighting energy in this building could then
be morethan theenergy used for cooling in the

mixed mode building.

WEATHER DATA

Element Construction | aAream? | U Y
_ (out to in) W/m?K | Wim*K

Eloor Screed, concretg, 210 1.77 3.61

_ carpet
Ceiling screed, concrete] 210 2.05 6.28
External brick, insulation,| 105 inc 0.45 6.66
wall® block, plaster glazing
Internal plasterboard, air, 2x18 1.54 1.14
side walls | plasterboard
Internal plaster, brick, 105 1.77 3.61
back wall | plaster
Window® normal double | variable | 3.30 3.30

glazed

A typical summer in the Ukonly produces #w hot
spells, but sometimegery hot sunny weather can
persist for severalkeeks,such as in 197é@nd 1995
when almost any building without cooling will
become verywarm. To investigate mixed mode, a
selection procedure developed BRECSU for the
BRE Office ofthe Futurewas usedThis calculates
the daily mean temperaturdor June, July and
August and ranks years on this basis, then selects th
centre of the upper quartile as the sample y&ais
was applied tdhe years 1975 to 199%ndresulted

in 1989 as the sample year. For the population of
years as a whole in amchanging climategpne in
eight years would bénotterthanyears lying at the
centre of the upper quartiledowever, there is
growing evidence of avarming climate in the UK
which may mean years exceedinghis level will
become much more frequént

SIMULATION PROGRAM

The APACHE® suite of programsvas chosen for
simulation. Thiswas selected because has an
established track record in building design, can

" adjacent to internal walladjacent to external wall

A very large number of runsvas carried out for
different combinations of facade orientatiamernal

gains, lighting controlday and nightventilation,

and solar control. These usethe assumptions
described here.

ENTERNAL GAINS
Office equipmentand peoplegainswere assumed to
occur from 09:00 to 17:00.

Base case 17.3 Wm
‘Low’ case 18.6 Wrif

Lighting was assumed to be operational from 09:00
to 19:00, with target illuminance 500 lux, gain
15Wm?Z. Some runs used lighting control. The room
wassplit into two control zones, a 4m zone adjacent
to thewindowsand a 2mzone along theearwall.
Within each zone thergvere two banks of lights
which could be independently switched,nbaintain
500 lux (the recommended maintained illievel in
UK) using a combination ohatural and artificial



light. Lighting models were carefully developed to
be in agreement with empirical data

INFILTRATION AND VENTILATION

Natural ventilatiorwas modelled athe sum of two
components; infiltrationand deliberate ventilation
from windowopening by occupants. The infiltration
rate was held constant at 1ach An algorithm for
the ventilation ratevas developedsing thework of
Warren andPerkin§ on window opening as a
function of external temperature. For the
temperature range 56 < T, < 22C, ventilation
rateV is described by the equation

V =Ny =0.0611T, — 03444

where N is the maximum number dir changes,
occurring at 22C, T, is the external temperature,
andW¥ is the proportion of maximurair changes.
For an outside temperature of°22the ventilation
rateV is N, andbelow 5.6C the ventilation is zero.
The constant infiltration rate iglways added t&/.
Maximum ventilation rate Nwas variedbetween
runs from Oach to 16ack in steps of 2ach

Night-time ventilation strategies are a research are
in their own right. An effective strategy should
ensurethat cooling is available from outsidar, the
external air is notoo cold,and thebuilding is not

temperature (defined as 0d&r temperature + 0.5

mean radiant temperature) was used as a measure of

overheating,and given thesymbol Q (on a scale
from 0 to 100). ThReBRECSU comfortriterion that

Q should notexceed 5% was adopted. Buildings
with fewerthan 5% ofhourswere deemed to ‘pass’,
while those with moreavere deemed tdail’. This
criteria is in contrast to many approaches which take
the maximum internal temperature in tear. This

is felt to be less reliable becauseldesnot integrate
overtime, and can baffected byshort-term weather
conditions; indeed it was founthat one building
could have &igher peak temperaturand alower
value ofQ than anothebuilding. Another criterion
sometimes used alongsittee oneadopted ighat, in
addition, buildings should n@&xceed 28C for more
than 1% ofoccupiedhours.However, inpractice it
was foundthat if the <5%above 28C criterion was
met, then the <1% above Z8would also benet, so
this was not considered further.

OPERATION OF MIXED MODE PLANT
Operation of mixed modelant has to bearefully
defined to avoidthe system becoming full air
geonditioning, and toavoid conflict with passive
strategies such as ligh naturalventilation rate
(windows open) during cooling.

If a building requires significant cooling outside

over-cooled. A simple strategy based on work by jyne july and August tomaintain the temperature

BSRIAY® was usedhere. Night ventilation was
employed in someuns between20:00 and 07:00
when all the following criteria were satisfied:

internal air temperature > external air temperature
external air temperature >4
internal air temperature > 18

SOLAR SHADING

Horizontal external overhangabove the window
were used forsolar shading, varying in vertical
position abovethe window from 0.1m to 2m, and
extending horizontally by 0.5m, 1m and 2m.

Five scenarios of window shading were also used:

1. No blinds

2. Venetian blinds, shut, down 09:00-17:00
Monday to Friday

3. Venetian blinds, open, down 09:00-17:00
Monday to Friday

4. Mid-pane blinds, down 09:00-17:00 Monday to
Friday

5. Mid-pane blinds, controlled by incident

radiation; down at 250Wr) up at 200Wn3

COMFORT CRITERION
Based orthe work of BRECSU, the percentage of
occupiedhours in theyear above 2% dry resultant

below 25C then it is likely to require air
conditioning. Therefore the mixewhode plant was
only operatedduring JuneJuly and August. The
plantwas modelled as ‘ideal’ cooling, removing just
the right amount of heat tchievethe set point air
temperature. Further calculationgere then used
outsidethe simulation to calculatenergy use for a
fan coil systemwith air supplyand extract. Finding
a suitable control temperature was difficldécause
comfort was measuredusing dry resultant
temperature while a fan coikystem can only
realistically be modelled by controlling on air
temperature. Even using 24 as thecooling set
point air temperature sometimes resulted in the
comfort criterion not being mebecausethe dry
resultant temperaturewas often above 2&.
Therefore the set pointas ‘finetuned’ for different
runs so that comfort was just achieved, witimimal
cooling. Feedback fromeal mixedmode buildings
showsthat occupantdearn toclose windows when
the cooling plant is operating to increase its
effectiveness. This was modelled byassuming
windows were close(.e. deliberate ventilation was
stopped) whethe internal temperature reachetdC1
below the set point for cooling.

Heating is lessmportantfor this study, since it is
relatively easy to achieve comfort in coldeather



and the main interestas in summer performance.
However it is necessary taalculate heating
requirements, whichvary with the building
configuration, in order to obtairannual energy
requirements. Heatinggas modelled as a gas-fired
boiler servingwetradiators, with a set point of 10
and adead band of €, operating from September
to May.

RESULTS

In the first stage of analysispnly naturally
ventilated buildings were considereddrder to find
the ‘designspaceswithin which natural ventilation
achieved comfort, fullair conditioning would be
neededand, betweenthese, mixed mode operation
would be feasible. In a typicaimulation exercise,
time series of typically hourlgata areanalysed from
a modest number ofins. This can be daunting, so
the mass of data issually reduced to &ew key
statistics such as maxima, minima, meanstatals.
There is usually a cleacost function’ to optimise,
such as minimisingnergy use ominimising peak
summer temperature.

However, inthis study there is a potentially huge
number of combinations of input parameters an
hence runs toinvestigate. If all the main

combinations were considered, the number would be

9 glazingx 6 vent.x 4 orient.x 12 shadingx 4
blindsx 2 gainsx 3 night ventx 10 mass = 622,080

simulations. Whileonly a subset of these were of
interest, it still numbered several thousands. It
was only practical to consider a small number of
numerical output from eachun, with a single

number to represent each aspect of behaviour. In

most cases, three outputs were used:

 comfort parameter Q (used to determine
whether buildings ‘pass’ on comfort)

» total annual heating energy

» total annual lighting energy

Glazing area angentilation ratewere identified as
two keyinput parameters. The firstep was tdook
at theeffect ofvarying these while other inputgere
held constant. Figure &§howsthe effect of varying
both parameters, to produce a 3-dimensicoalace
of Q values. Whilethis type of plot is good at
showing behaviour in a qualitatiwveay, it is no good
for quantitative analysid-he strong curvature of the
surface indicatesthat interactions areoccurring
betweerthe two inputs - that is, theffect of a given
change in glazing variefor different ventilation
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Figure 1: Easterly External Facade - effect of
glazing level and ventilation rate onQ

Anotherway to present this information is using 2-
dimensional line plotof, for example,Q against
glazing area, with different linefor different air
change rates. This i®ffectively plotting slices
through the 3-dimensional ploand is better for
guantitative analysis.

These approaches work foatio scale quantities,

g Wwhich can be meaningfully interpolatetut for

ordinal or nominakcales used for quantities such as
thermal mass otype ofblinds, continuous plots are
inappropriate. In thisase discretéar charts can be
used. For example, Figure 2 shtve effect ofblind
types and blind operation on comforQ, heating
energy and lighting energy.
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Figure 2: Effect of blind types on energy use for
lighting.

However, all these graphical techniques are @iy
looking throughone ortwo dimensions of a multi-
dimensional space of results, widi other factors
held constant. They are not very helpful in
considering theffects ofcombining a large number
of factors.

To overcomethis problem, linear mathematical
models were developed fromie resultsobtained

rates. On the left-hand side, with 0% glazing, the from each set of simulatioruns. These multiple

response taair change rate iclearly non-linear,
while at 100% glazing on theght-handside it is
close to linear above about 4 air changes.

linear regressiomodels were used to assist in the
identification of important parameteasnd to aid in
the identification of interactionsetweerthe passive



design features. These were firstigveloped for
pairs of factors, such agazing andventilation rate,
including where necessary transformation of
variables to make the response mdirear, and
interaction terms. From thigwork, generallinear
models were produced, one for each facatiaf
could be used to predi€@ in terms of allfactors.
The linearmodels were producedsing standard

For thebase casell exceptthe northfacade failed
completely. Designs tthe right fail,those to thdeft
pass. (Initially, shading of passmdfail regions was
used, buthis only allows one facade attame to be
plotted.) The much greater likelihood of therth
facade passing, due tlow solar gains, isvery
evident; without exceptiorthis always had the
lowestQ for a given designThe ‘pass’ region for

least-squares algorithms in a statistics packageotherfacades is limited to amall design region of
Though the simulation results are not stochastic,low glazing area and highentilation rates; the

these techniques entirely applicable to findirigest
fit' response surface.

The magnitude of the Sum of the Square of the

Errors (SSE) represent®w good a fitthe plane is
to the data, and the standadviation of the

residuals (RSD) represents an 'average' deviation

from the point to the plane. If thedl the datgpoints
lie on the fitted plan¢hen theSSEandRSD will be
zero.Hence a value predicted frotine equatiorwill
have an ‘'average' error af RSD. Pearson's
correlation coefficient 6) is often used to indicate
the 'goodness of fit' of aline to data points.
However,this is a statisticgbrocedureand isbiased

around the mean of the data points. For this reason

RSD was usednstead of f. These modelgan be

used very easily in apreadsheet to investigate the

effects ofdifferent design options o€, or on some
other parameter such asnual heatingnergy, for a

given locatiorandweather year. As an example, the

following equation give$) for the west facade:

Qe = 019G - 298InV)- 22H - 09M +
19.45
(1+N)

-1.30B

- 005G+ 567(In V)-

0.06GH + 0.94(InV)H - 473InV) _
1+ N)
0.09(nV)G 1 5781 + 7.72
1+ N)
with RSD=1.39, wheré& is glazinglevel (%), N is

daytime ventilatiorrate (ﬁl), H is overhang length

(m), M is thermal masd\, is nightventilation rate

(h'l), andB is blinds type. Noté¢he interaction terms
such asBG, GH and transformations afentilation
rates.

Linear modelscan beused to predict whether
naturally ventilated buildings pass or fail tbemfort
criterion @Q < 5). But it is still important to have a
feel for which buildings are likely to passd this is
best donegraphically. Figure 3hows isopleths for
each facade wher@=5, i.e. the design is on the
pass/fail boundary. Theseeplotted against percent
glazing anddaytime ventilatiorrate for the modern
office, with blinds and 12 ach night ventilation.

south facade only just passesth minimal glazing,
at an air change rate of at least 15hch
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Figure 3: Boundary conditions for base + blinds +
12ach? night ventilation

To achieve a reasonable choice of glaaega and
ventilation rates, it isnecessary to use several
passive features. Figure 4 showle boundary
conditions with external shadingight ventilation
and blinds. With strong control of solar gains, all
exceptthe northfacadeare very similar, allowing
glazingover 40% with ventilation rates dew as 6

ach'l, or higherlevels of glazing with increased

ventilation.

—=— north

—e— east
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—v— west

ventilation rate, ach

percent glazing

Figure 4: Boundary conditions for base + 2m
overhang + 12ach! night ventilation + blinds.



Increasing glazing area on the noffdcade still
increases overheating. Thesggestghat as glazing
increases, the amount of increaskifuse solar heat
gain is greatethan theamount of increased heat
lossthrough thewindows, in conditions close to the
comfort limit. Perhaps this is a surprising result. The
imbalance will be much greatéor better insulated
windows.

After the north facade, the south facade came next in

how easily comfort could be achievetihis was
becausesolar angles are high&r the south, sthat
shading is moreeffective. While the easind west
facadesare often assumed to haveery similar
thermal performance, thiwas not found to be the
case. Comfort was consistentigrder toachieve on
the easfacadethanany otherWhy this should be is
not entirely clear, but itnay be becausthe solar
gains come earlier on the easand ‘use up’ the
thermal capacity ofthe structurebeforethe end of
the workingday, causing overheating. Qhe west,
solar gains arrive later, a significant proportion
arriving after the end of the workinday, sothat
high temperatures ardelayedlonger than on the
east and there is less overheating.

As stated earlier, the simulations also tried to
determine whether a mixed mode building could use
less energythan a naturally ventilated building
meeting thecomfortcriterion. Theproblem arose of
how to compare results for many design options of
both buildingtypes.This was overcome by showing
distributions of consumption for many differemins
meeting the comfort criterion,.

The calculated totaldelivered energy for each
simulated mixed modeoffice building, and the
naturally ventilated buildings which pass the comfort
criteria, were presented akistograms. Lines
instead of columnsvere used fothe mixedmode
results to improve clarityThe 'mm' on the graph
legend represents a mixed mode desiihe COPa,
COPband COPc represerthe COP determined for
different ambient temperatures, with the
approximate COPs being4.1, 3.4 and 2.3
respectively(depending on thepecific coolingplant
for each design scenario).

The number oftases which relate to eachtegory

show greater spread. Similar distribution patterns
were shown for carbon dioxide production; Figure 6
showsthe carbordioxide results fothe sameuns.

The differences between delivered energy and carbon
dioxide arisebecause ofthe different weightings
given to gas foheating, andelectricity for lights,
cooling and office equipment. It was assumebdat

1 kWh delivered electricity produces 0.52 kg of CO
and 1 kWh delivered gas produces 0.20 kg of,,CO
appropriate for the current UK generation mix.

It is not clearwhy there is adoubledistribution for
mixed modePossiblythe higherenergy distribution
results from designs requiring &igh level of
cooling, while thelower energy distribution results
from buildings withlow cooling which still make
good use of daylight.
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Figure 5: Distribution of total delivered energy
for naturally ventilated and mixed mode office
buildings, East external facade.
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Figure 6: Distribution of CO», production for
naturally ventilated and mixed mode office
buildings, East external facade.

CONCLUSIONS

for energy consumption have been normalised andThis work has explored a widerange of design

expressed as a percenttioé total number ofases.
Figure 5 showghe delivered energy results for the
east facade.This uses energy results from 110
naturally ventilated buildingsand 162 buildings
with mixed-mode cooling.

Otherfacades show a broadyymilar pattern, with a
doubledistribution for mixed modeThe distribution
for natural ventilation isalways shifted to digher
average, with a single peakorth andsouth facades

options for achieving summertime comfort in UK
office buildings with limited or no coolingNovel
graphical techniques habeen developed tpresent
facets of amulti-dimensional design space, and
regression methods used as an alternative to full
simulation. It hadeen demonstratdthat, for a hot
summer in the south-east Bhgland,comfort can
only be achieved by using several passive features, or
active cooling. Discomfort is likely to be greatest on



the eastfacade, followed bythe west, south and
north. Therefore it is easier toaintain internal
comfort in buildings witltheir main axidying east-
west, giving mainlynorth andsouth facades. It has
also been shownhat limited cooling, widens the
design optionsand, throughmore use of daylight,
can actually use less total energy. While it is still
easy todesign mixed mode buildinggsing more
energythannaturally ventilated buildings, there are
many morelow energy mixed mode designs to
choose fromthan low energy natural ventilation
designs.

Although control of ventilation by occupants
opening and closing windows isnot the most
thermally efficient method, it is fundamental to
occupant control, whiclhas been shown to be an
important psychological factor in overall comfort.

The results onenergy assumeeffective lighting
control and windows closed when cooling was
operating. Without careful design of contraiffices
may have blinds dowmand lights on, omwindows
wide open with cooling systems full on.

The ‘hot summer’for this work was based on
temperatures during the months Judely and
August. Significant overheatingas found to occur
during the ‘shoulder months’ of AprilMay and
September, when solar angle® lower and shading
therefore more difficult. Therefore, in new
guidancé' it is recommendedthat selection of
similar ‘hot summers’ is based on the period April to
September.

Although thespecific results only apply toffices in
the south-east dEngland, similar techniquesould
be used in any temperate

Council and UK Electricity Companies for
supporting the originalproject upon whichthis
paper is basedThe project was aPartners in
Technology studentship jointly supervised by EA
Technology Limited, Chester, and the Department of
Building Engineering, University of Manchester
Institute of Science and Technology (UMIST).

REFERENCES

1. Cooper, V.A."Occupancy Comforand Energy
Consumption in Naturally Ventilated and

Mixed Mode OfficeBuildings”, PhD thesisUMIST,
1998.

2. Randell, J.E. and H.G. Mitchell, “The case for air
conditioning”, in “Air Conditioning Systemdesign
for engineers”, EdA.F.C.Sherratt, Elsevier, March
1969.

3. Thornley, D.L., “Criteriafor thermal comfort”,
ibid.

4. BRECSU, “A performance specification for the
energy efficientoffice of the future”, Report 30,
1995.

5. Hulme M.and EBarrow (Eds), “Climates of the
British Isles; past, presernd future”, Routledge,
London, 1997.

6. Facet Ltd, “APACHE Users Guide”, 1995.

7. CIBSE, “CIBSE Guide Volume&\”, London,
1986.

Hunt, D. R. G., “Predicting Lightingyse - A
Behavioural Approach Lighting Research and
Technology”, vol. 12, 1, 1980.

9. Warren P.R.and L. M. Perkins,“Window-

region where air opening behaviour iroffice buildings”, Building

conditioning is not regarded as essential. The resultsServicesEngineering Research &echnology, vol.

also call into question whethehigh levels of
insulation, intended to reduce wintbeating, are

5, 3. 1984.
10. Martin A., “NightCooling Control Strategies -

necessarily desirable when summer comfort is soFinal Report”, 11621/4, pp. 1-34, 1996. BSRIA

hard to achieve without resort to cooling. In the
future, there arelikely to be further efficiency
improvements in energy for electrigghting and
office equipment leading to reducedternal gains.
Since thework was donethere hasbeen atrend
towards lower levels dflumination, of 300-400 lux,
which also reduces the lighting energy significantly.

On the other handjlobal warmingmay make warm

11. CIBSE, “CIBSE Weather Guide Volundg, in
preparation.

summers more frequent and increase the pressure for

reduced energy use, $bat achieving summertime
office comfort will remain an important issue.

ACKNOWLEDGEMENTS

The authorsvould like tothank thesupport of the
UK Department of Trade and Industry,
Environmental andPhysical Sciences Research




	s: 


