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Ventilation is essential for the maintenance of good indoor air quality, although there is 
evidence to suggest that energy loss through uncontrolled or unnecessary air infiltration is 
excessive. In this study, estimates are presented for air change (ventilation and infiltration) 
energy use in non-industrial buildings for 13 countries. Various methods are used for the 
estimates, but they are mainly based on calculating the total annual enthalpy change needed 
for the conditioning of air. The potential for reduced energy use by improved ventilation 
control is also briefly reviewed. In addition, estimated financial expenditures associated with 
this energy use are indicated. These are derived from the air change energy estimates using 
published International Energy Agency (IBA) energy pricing information. Considering the 
non-industrial building stock of the 13 countries collectively, the total annual loss of heating 
energy due to air change is estimated to amount to 48% of delivered space conditioning 
energy (including heating equipment losses). The results emphasise that air change related 
energy losses are as important as conduction and equipment losses (including 'flue' losses) in 
dissipating delivered space conditioning energy from buildings. 
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1. INTRODUCTION 

Although ventilation is essential for the maintenance of good indoor air quality, there is 
evidence to suggest that energy loss through uncontrolled or unnecessary air infiltration is 
excessive. Therefore, it is important to quantify present energy use, so that possibilities for 
energy conservation may be investigated. The objective of this paper is to present estimates of 
annual air change energy use and the associated annual financial expenditures attributed to the 
service and residential building sectors of 13 industrialised countries. The countries 
considered are: Belgium (BE), Canada (CA), Denmark (DK), Finland (SF), France (FR), 
Germany (D), The Netherlands (NL), New Zealand (NZ), Norway (NO), Sweden (SE), 
Switzerland (CH), UK, and USA. ( 'Air change' refers to the combination of ventilation and 
infiltration related air flows.) Estimates of what are 'reasonable' values for the normalised air 
change energy use in each country are presented. In addition, the potential for reducing air 
change related energy losses is briefly discussed. A more extensive description of this work 
can be found in Orme (1998), of which this paper (excluding the financial aspects) forms a 
summary. 
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1.2 Definitions , ·: '. · 
··n 

'· . 

The service sector corisistJS of buildings. used for commercialLor public purposes, while the 
residential sector consists of both single family dwellings and flats. Primary energy is defined 
by Schipper and Meyers (1992) to be the sum of energy utilised directly by end-users (known 
as delivered ·or;. final energy)<and '.the energy lost in the production� and ·delivery of energy 
products. 'rhe .. �ggregated tota,! annual prim�_el!erg)'..]!Se f'2r the q �pu,ntries �� 1 �4 �J, with 
approximate sh.ares for each sector (based on IEA, 1996): industry - 18%; transport;- 42%; 
agriculture - 1:3%; service and residential buildings - 39%. Non-industrial (i.e. service and 
rdidential) buildings can be seen to be very significant users·i>f·!H'imary,energy. Furth¢rmore, 
thb residential sector uses almost qpuble the primary energy coil}pared to the serv�ce: sector. 
The energy content of air is known as enthalpy. So; estimates o[air change energy use can be 
m:;ide from the absolute value of the difference in specific enthalpy change [J·kg-!], between 
the supply air before and after conditionin·g. This is equivalent to evaluating the· required 
sensible: and latent heat changes to the air.' This energy use is then called the air enthalpy 
change [J]. In addition, in order to convert an entlialpy change t() delivered energy (and vice 
versa), an average efficiency of conversion must be known. 

2. END. USE SHARES OF TOTAL DELIVERED ENERGY 

It is assumed that air chatige related heating· losS'e-s-discussed here are accounted for solely by 
deliver�d sppf� heating energy anP. not from any other en,ergy use. (Gains fr:om other sources 
are assutn� Jo .be �aken ihto aCCOl,lI�t by using a lower 'heafing· degree-day base temperature' 
than the ac!J.i�ru .indoor temperature - se.� Orme, 1998� fqr more details.) Ther�f�re, space 
conditiomng'1u.se rbeating and coofu:i�). is ·a. significant quantity th�t should be exariiiped." Jbe 
��pm�ted to�als 0¥ the space heatigfand cooling energie.� ·ar:f piesente� iµ, F.igµr� _I., :-Yhich 
relles sn h9f1 w��er_ �d_ �plice,,c.Qolln.g ,µ§�1,p�l?li�hed in HPC (f9.91 . Tfig .,.spaee : n��ting data 
were �t!V�rJ�gl}. from puol��hep sgui�#.� ... o� ·�timates ·:w�re piadf �o� ea�� ·c,quntfY.· �sing the 

.. rotaJ de1iyered .... energy use ,as _a gujding, u'pp�r �imit. J'fle ���t�. for' tfie .r�tp.ru� i�� uses (i.e . 
. cool?n��- �igQ�IJ.� anFI 'applia�c;es) wer� ·�ed��ed .fr.om .the ctif f��<f?,c� }>�tw��� .the

_ 
t�f� 1.l·s�, anct 

the sllll1 of. spay
.
� conditioning and rot 

:
�a

_
tyr

_ 
use.. . . .� . " - . �. , ,; . 

' .  .. · ·'" 
�. . . . � . 

I , Total annua�energy , ' i 
Space heating delivered to service and 

61% residential buildings 
--�--- (13 countries): 29 EJ 

·�· i'1:· •• ·, �-\�- � � ,-_.]. :.�.'!",rr·.s 0 ... ·)_··.'.c:n(·J.�_:; �J ·.�•::�[d.�_;, "J' .} '-,'! .� -::,"'�;-1:-1 r ! \,;�::::;_� ; .. ':;"_:)·· ;_'·-�;.. 1·· . -

· i·�nATA Af'li)'.l\brijo'Ds �c1VQ.u�:1fro EsrliVIATm: AJtl«�Gii :ENERGY 
'� -� I "' • • o J 

Key data for a basic estimate of the air change energy use are the number of buildings and the 
average conditioned (heated or cooled) volume, shown in Table 1. Also, it is essential to know 
average air change rates and the required outdoor to indoor specific air enthalpy changes. The 
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product of the internal volume with the air change rate will give the volume flow rate of air to 
be conditioned. Conversion from area to volume for the service sector was achieved by 
mQltiplying the a,rea(c01,umn:4 of.Table 1) by�an ass.umed room hcight of 4 m .• 

r .. 

TABLE 1. ,. 
«:· · Background. data for the service and residential sector.s in the 13 countries 

·.:{ !.'..: . . 1 

Country• 
'• 

Bel,2:ium 
• Canadii 

Denlnarlf 
Fin1and 
Fran9C 
Germany 
Netherlands 
New Zealand 
Norway 
Sweden 
Switz.erland 
UK 
USA 

. . • i l ... J 

. Population Hea.ting degree" ' Total service sector 
;";·1 po61 {1994)/ days 

. IO.I 
.�·-r 

29.3 
. . •S.21 J 1 :�' �. I 
(': �· ·, c�S .. M. . . 

' 1 �- �Y,9 i L,. L 
�1,4 
15.4 

' 
3:s3 
4.34 ,V 

8 . 78 
6.99 
58.4/ - ' � 

l _j 
261 

, __ , 

[K-d); i" heated floor area 

[106 rn2] 
2:300 140 

'43do §oo" . 

2900 • l�' .:·89' 
(5000) <_ .'" . 8,4 
(24�<?)· 

360Q.•· 
2800 
1700 

(3800) 
3600 
3000 

(2500) 
(2700) 

• ! � i 

,. ' 
' 

690 
1.100 
llO 

. , . 
45 
87 

170 
120 

! 520 
4700 

(cooled 3500) 
, 

.. 

Number of Mean dwelling ,, 
dwellings. [106) volume [ rn3) 

. 3.90 351 
t; 9.60 340 . 

2.00 .. '259 ;-;; 
- .... , 2.30 .. ·; �- 234 . . 

22.0 ; .231 . . • 

·' 
34.0. 22r0 '•\ I 
6.00 250 

. . j 223 ·: .· 

., 
'1.19 

i' i:75 >- 266 
4.04 263 
3.16 234 
24:1 21qJ I: 
96.6 ·' 337 

For the service sector in. Blf DK, FR, 14L, UK and USA, the specific enthaipy change 
calcul��ions were based oxi �oiliver .(1995) .. Separate caleulationsiwere pe�9�eclfo� heating 
.and coh!iilg in the USA, fo� which a popu.latiofi:.weig�fed average o�. t_he spe�lfic enthalpy 
changes·was taken. Heatilig and cooling (including de1iumidification) enthalpy .. changes were 

. �lso cqp.verted .to �elive(64:e�ergy us·� separate�i· }'ot tl��;other countries �e.b�i�s wa5::ti�ating 
�-degree-Clays �tse� o�e, �'9�8). Assumeq .r�si.�en�i.� ��d:6r' .'��l!�er�d· 

· ���rgf cqnver�ion 
·· efficiencies werb also applied to· the serv'iti sec· or (sliown 'in Columrt · 5 of 'ra:b'e ·2). The 

averi_ge1�r ch�g� rate i�_,s_e£vi�,
e s�cto� ?��l�i-�g�"�as'.��umed��o·eq,ual 0.7

_
�.� -

1 ;_�Achee�"'�' 
in column 2 "of Tao le 2 iildicafes that the neatitig �cregree.:day method WaS usb'd t'o estimate the 
residential sector air change energy, for wh1Ch appropriate data can be found in Tables 1 and 
2. In particular, Column 3 of Table 2 contains assumed (mainly estimated) values for the air 
change rate. · 

· ,. � · · 

4. ESTIMATES OF AIR CHANGE ENERGY USE ' 
.,..... , --. .. � .. . . . ···�r :-�?".. . . . 

Figure 2 summarises the ways in which·deffVered spac� conditioning energy is dissipated. The 
arrows in Figure 2 indicate that �bqth�:9i��,;��ating' Afr change and conduction losses are 
associated with a fraction.: .. ofAhe hia tfo�eql:Hpment I.d�_se�. Their sum together with the 
equipment loss is then equal to the deliverbcf energy suppl_ied for heating. Delivered space 
CO<?,����,.eQ,:�r�i �� .. 71��plyJ1di���p��e� .frn�- ��i1,���J,. t�:__OU�� }�? ���aUS\S of �'� . �ooling 
equipment. Cons1aermg ilie bmldmg stock of tlie 13 countries �olfetuvely, the 1titfil annual 
loss of delivered heating energy due to air change is estimated to amount to 9 .3 EJ, which is 
48% . R� . deliv�r�,4 J.. �p�c�,. fOndi�oR!�g: _ enefgy 1 (�r,icJ��g (·.Be���g_J �q���.ment. lofses ). 
Alternatively stated, 1t is 53% of dehvered space heating energy iilone. · · 

. ·.:.� .. 

' " 

• t ,, •• 

;."'- ,  .,. ' . 

- " . .  . � 

'�I!' 
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.. 

�L'.-. � .:-.:.� .. :;�J'i T,ABLE 2 �-"'.. -·�.:.. 1f.. Methods us-e�tf.Qr�-s.tifI).ptirrg_tpe residential sector: �r _chang€?.:_en_��8'Y' ., I• 
r-----.,.--��-:.��. =�·: ...;·-�-���-.:..�. �:i.o�:;:.i·-�!l-..;· .. �,,"-_________________ ·'' .. 

·· --.. · - - -'· • - - ·- · " 

Belitiuw, 
Canada 
Denmark 
Finland 
France 
Germany 
,Netherlands 
New Z.Caland 
Norway 
Sweden 
Switzerland 
UK 
USA 

Heating Cleg1-CC< Assumed air, .... Othersource 
d�ys and l!�!"?ge ch��;.;t� [ti-/,] 
:ur chan2e rnre 

./' 
./' 
./' 

-· 

" 
.. .(_ :. ·;;-

./' 
I 

_,/.-
./' 
. .. 

' 

- o.1s-- ·� ,pvc (1994) 
· 

- ·_ .. '.(J.4' � . .'.- :�winton (1995) 
-::.-· 0.5 . .. ,. • . 
-

._, AIVC (1994) 
· ·• 0.5 :;..; J.;-ema:!e (1995) 

..• • . 0.5 �C(l994) 
·-.. ··- •. D.5 �AIVC (1994) 
- - ·o.s ,iJ; 

0.4 (a) 
AIVC (1994) 
AIVC (1994) 
AIVC (1994) 

J'I Shorrock et al ( 1992) 
�Sherman and Matson (1996) (b) 

�1i�.le§!�e�ti.��? 
sec tof avera�eq\lipmc�t 
efficil!tl'cy: · : :,--:. ' . Q, 

.• Q.60":'.�· . 

.:· 0.75 ·:·· 

__ :-0.75-·: 
G.6!» .. ··•· 

-�- ... �·0:1s� .. '"'�-ill . 
0.7'8- -:'rf..' .... -MO ... . • ' ' .!� 

-· ··- ... 0.10.: �:� 
;'..:; ··�,..,.·-·.·.:�� 

0.90 
0.90 
0.75 
0.65 
0.80 

Notes: (a) Average air change rnte based on a measurement survey. (b) Estimate based on modelling 
representativ� sample of different dwelling�: 

' . I, · . .  '· 

Heating 
conduction 

losses 
30% 

�nual pelivered 
service.�mq r�ide,ntial 
space cor'idifloning 
.13nergy.(13-countriel:l): , 
19EJ 

- .. . 

, Heating air 
change losses 

33% 

Heating 
equipment 

losses 

• I .... '• ,, ., , 
Figure 2: Dissipation of:space conditiou.ing energy, \n the servic� and,,r9sipeutjal sy<;tors 

• • J ! .( ' . ;, • � ' 
· .l. �- � � • ·.•. . r: . 

.. 

Tbe spac� conditioning energy shown in .Figure 3(a) includ�$. delivered hea�jng and cooling 
energy foF D, lJK �d USA."whjle for FigtiJ"e 3(b) the valu� for USA iridudes-'Iieatl'b:g�and 
cooling,aJso. For.all.other co.untdes in the�e Figures, it foclicafes bd�tink atbne'.:Fof the'service 

_,sec�oi:. t�e}p�£� ��nditlo�ing:�alue�:_pr��·epJ�� ff<c;>?Jy rorigh,�s �ikate� �o� BE!, CA, .D:{(, fyL, 
-NZ, <wd NO, while the ,same also applies for the. re.sidentia1 sector'iii BE, D, NL, NZ, and CH. , • . .. � .. • • .. . !:' • : " • .  I� • ·J t. • • • 'I.,. - . r. .. , .. . . .. . .. .... .. - ' . 

I •
• N orm�is_eo· �ervice I sesto;r �energy . .use, .i-�-- s6pw.n. Jo� �acb--. cC:mritry T iri F�gu'i'e 3 (a).� The 'air 
:,en�l}aj-py c)lang�sri�u�.tr�t�� i �s. :fj�ui:� �e:ii?r��� 9li�a�e :d�p�ii�en� .. . �ec��-e ·�e .$ame·air 

- . .c.h�ge.;tjat�1(0.7�.h 1
) Y1� 1�S�J;O�� for.�t7o�nt.rffs· F?,� . ��·;_f;\: �··�Zi:.��r ��1b?,�_ the 

1 s.��19e e�!�r-�sp_a�e c?����m9� e�e<f� .��� an�,.tQe �otaJ,.,��f!.2�:. �?lun:i�. ���e e�;t�n:u�-t��· so 
-:-�. ii��lr:• noFplah§!f�, �q!}ditJ.om?,� �Q<1��., aw�s ar� ?nly -��ry_.. �Rwox.�w���; �-1t. � r i�PP¥,��\'�om 
.t.. :f1��ei 3,(1:>)..-.:�ffich ·*q�s· !�1��n]}�.;��er� µ_��- Brr� ��it!rY.· �1.��p3 W,��'�1� .• �C?.-���ey����� of 
· ., :·�'.Y.. \tbei:�, �e)J�w.: ��w.18f1f���"E�t,,we�� �9,� r�s1ct711tt,�l : s� �f!�!. aya, ��- ,��r:!.�Y.� ��ep t9. �?t ·�y 
·: e;0J.JJltry,_ 'kA� {P.<?f\B'laji��d ,.aif ::e�th.a�py,;:::cQ?q�es a,re . <>Q.s�r�ed,, �o , t?� very ��pil}3! f?r most 
·.:�<:rentrie$, :e'f9�P� for. �p,.Q �!1si thy JJS_.A.· whic

_
h· are: clo(e, !�$��er· �t a 'l.�� e�r �- ���e. If�the 

,outcJ,<;>or air supply rate per occµpapt were to be umversally reduced to a· nuolll1tim !�vel, 
talgng �nro ac�ount .rpetabol� needs and' pollutant loads:� then it is conceivable .. . th'at th'e 'h�ating 
aif, opange energy loss could qe reduced to approximately a third of the curteht level. T,�is is 
indicated in Figure 4. 

. ' ' 
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USA 

UK 

SWitzMand 

Sweden 

Norway 

Now Zealand 

Nelhertands 

Gennany 

France 

F"11land 

Denmark 

Canada 
Belgium 

\) 

•Air enthaply change 

mDe!ivered air change energy 
C DeUvered space condlUoning energy 
EITotaJ deliVered energ 

France �� 
Finland 

II��§§�=�� Denmark 
Canada 
Belg I um 

100 ; 200 300 400 500 100 200 300 400 500 
Energy (MJ·m·3] . ,- '. Energy [MJ·m·3] 

(a) Service sector 
. · ' 

(b) Residential sector 
Figure 3: Annual deli.".ered epei;gy use per unit building volume 

c 0 
ti "" 
-= � 0 Q) u "' 
� :::> 

>-Q) 2' -� Qi Q) c u Q) 0 O> :::> c c :t= c 0 0 Q) -.S:::. 0 0 ..... 

10 
9 
8 
7 
6 
5 
4 
3 
2 

0 

' ,.. ..... ,,:, ... ",.-' ... 
� ... ' 

________ .. ______ _;.r_ �,� �"f·ir-: 

- - Estirrded curaituse 
• • •Reduced use c:t 10 itresA;ecx:nd/pe:scn 
--Polentid reduced use 

2 4 6 8 10 12 -14'' l6 ·, 18 20 
Outdoor dr supPy rde Uitre$'.�:�.J:,e{�c;})·�.-. •·.· -" ' :· . ·  . . :· 

Figure 4: Potential delivered air change energy saving for the service and residential sectors 

5. FINANCIAL EXPENDITURE DUE TO AIR CHANGE ENERGY�usE .-. .  

· Fi��e 5�a) .spo_ws the:�orma.Iised (by c'6nditi9ned building volume) estimated financial 
�. eX:p�ndit�re by tJi7 s�ryice ·sector for each c9u�!ry, whilst smularly; · Figure 5(b)-shows the 

residential sector. "Ttie cal9ulation of'th� anriuaJ 2ost of delivered' air ctiange enetgy,relies on 
� I • 0 .., f •• • I f •••- 1 • *'� ,, • • . the �.rtbe;t- assumpti<;)l_l t11at tpe propotlion of each' energy source·{ 011. gas; electri'Cityl, etc )•used 
.. , . for_ space' conditis)riing is' iden.tic�. tt» that for the aggrigate 'of all end uses. Energy· so1:1rce data 
1�; �r�/�9'.}\v�!��s .. fro� IEA (1°99�) . . Res�denti� . �rierg_y pri�es were :obtain�d directly.from IEA 
.: . : (���?). geriex:ally.for f9,96 cfr 1_�9�, exc�e�.for'�Iectricity prices in' CA; whi�Jl!:were from -1994. 
, .·. Als�, g�s .pri�es' r�r Sp are rrussing for tlie r�sidential sector. Most''service se'ctor prices- were 
, . .frolp' )9,92 except for · e_lecfricity' 'priC�s� which ·were" es'timatecf by taking the· =average of 
.. lndu&tri�P�d r�iaen.ticil . phces ·(IE�; 1997);of6'r eacb.counirf1Certain other·:se'i:v·i'ce: sector 
I • pri�e(\Ve (e aisQ found by faking the 7 avetage ··of 1mdust?iat and re'siCientihl prices: from "IEA 
.'. (199?t l�ir. 'J;s�{epihcJ':�=�tWe�r1 ti-le -.�;�rn. Ar t>iL g�� .'�1_ectri�1tY; hli� dlsti-i�t � h��t-·��tli� �o� 

en_e�@' µse (bec�US� CO� �nd �eD<?Wable SOl,lr, e�·-�e not COO idered. tl1 -the ' fmanctal study) IS 
l�ss th�..?.% for service 'settor .Jenergy use �nd less than ;15% for the·resideiiti'ill sector; ex:eept 

.FR� fo� whi,ch_ it is 35%.1 This i� because data are missing·for residential-prices for renewable 
'sources in f'.���e. which .c;ontribute a significant-amount of �nergy. The residential ptice for 
'district heat' Is assumed to equal the price for oil phrs1 d% for all countries and the 
residential oil price for NZ is assumed to equal the industrial price plus 50%. ·· ·· ' · 
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USA USA 

UK UK 

Swltz•rtand Switze�and 

Sweden Sweden 

Norway Norway 

New Zealand New Zealand 

Netherlands Nethe�ands 

Geml any Germany 

France France 

Finland Finland 

Denmark Denmark 

Canada Canada 

Belgium Belgium 

0 2 4 6 8 10 0 2 4 6 8 10 
Normalised total annual energy cost [US $/m'i Normalised total annual energy cost [US $1m3] 

(a) Service sector (b) Residential sector 
Figure 5: Annual energy expenditure per unit building volume 

fu summary, for all 13 countries, the totals for the service sector are: air enthalpy change 
32 billion US$; delivered air change energy 42 billion US$; delivered space conditioning 
energy 85 billion US$; total delivered energy 150 billion US$. For the residential sector they 
are: air enthalpy change 56 billion US$; delivered air change energy 82 billion US$; delivered 
space conditioning energy 170 billion US$; total delivered energy 260 billion US$. 

6. CONCLUSIONS 

fu this paper, estimates have been presented quantifying the energy impact of air change on 
total energy use in service and residential sector buildings for 13 industrialised countries. This 
involved a basic analysis of currently available data sources, together with the estimation of 
essential 'missing' data. Delivered air change heating energy losses were then found to total 
9.3 EJ, for these countries collectively, which represents 53% of current estimated delivered 
space heating energy. Potentially this may be substantially reduced, by providing adequate 
fresh air on the basis of metabolic needs and pollutant loads. Although many data still remain 
to be satisfactorily identified, it is evident that the results highlight that air change related 
energy losses are as important as conduction and equipment losses in dissipating delivered 
space conditioning energy from buildings. In fact, as national standards, regulations or codes 
of practice improve the thermal integrity of buildings and increase equipment efficiency, it is 
expected that ventilation and air movement will become the dominant loss mechanism. 
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