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2006; 4(4):223-228. Th e  m ajority of th e  incre as ing num be r of olde r adults  w is h e s  

to age -in-place . Appropriate  and com fortable  h ous ing is  of gre at im portance  to 

facilitate  th is  de s ire . O ne  of th e  aspe cts  of conce rn is  th e rm al com fort. Th is  is  

norm ally as s e s s e d us ing th e  m ode l of Fange r, h ow e ve r, one  m igh t as k  if th is  

m ode l is  s ufficie ntly accurate  to be  us e d for olde r adults. Th is  pape r provide s  a 

s h ort ove rvie w  of th e  m ode l, its  applicability and im ple m e ntation, and discus s e s  

aspe cts  of th e  living e nvironm e nt th at offe r olde r adults  th e  be st pos s ible  indoor 

clim ate .

K e yw ords : th e rm al com fort, olde r adults , PM V/PPD -m ode l, H VAC

In 2025, th e re  w ill be  360 m illion 
pe ople  age d 60 or ove r in th e  Industrial-
is e d W orld1. Th e  vast m ajority of olde r 
adults  th at live  inde pe nde ntly w is h  to 
continue  th e ir curre nt life  style , and 
th e re fore  as k  for e xtra support and guid-
ance  at h om e , as  w e ll as  as s istive  te ch no-
logie s 2. Som e  of th e s e  te ch nologie s  can 
be  found in th e  dom ain of th e  building 
s e rvice  e ngine e r. O ne  of th e  aspe cts  of 
th e  h om e  e nvironm e nt th at is  dire ctly re -
late d to th is  profe s s ion is  th e rm al com -
fort, w h ich  contribute s  to w e ll-be ing and 
ove rall h e alth . Th e  curre nt m e th od for as -
s e s s ing th e rm al com fort in indoor e nvir-
onm e nts  is  th e  PMV/PPD -m ode l (Pre -
dicte d Me an Vote , Pre dicte d Pe rce ntage  
of D is satisfie d) by Fange r3, w h ich  is  adop-
te d by th e  (inte r)national standards  ISO  
77304 and ANSI/ASH RAE 555. Th e s e  
standards  th at are  us e d in th e  de s ign of 
buildings  and h e ating, ve ntilation and 
air-conditioning (H VAC) syste m s , aim  to 
spe cify conditions  th at provide  com fort 
to all h e alth y adults , including olde r 
adults 6, w h ile  in practice , a s e le ction of 
an acce ptable  pe rce ntage  of dis satisfie d 

is  ofte n m ade  de pe nding on e conom y 
and te ch nical fe as ib ility7.

Fange r3 cre ate d h is  pre dictive  m ode l 
th rough  clim ate  ch am be r re s e arch  in-
volving approxim ate ly 1300 colle ge -age  
stude nts , follow e d by m uch  sm alle r e x-
pe rim e nts  involving 128 e lde rly subje cts  
to study th e  influe nce  of age  and age -
ing. Th e  q ue stion aris e s  if th e  PMV/PPD -
m ode l is  valid for application to th e  
h e alth y olde r population, w h ich  h as  dif-
fe re nt ph ys ical ch aracte ristics  com pare d 
to younge r groups. Th e re fore , th e  
PMV/PPD -m ode l and its  validity, th e  im -
pact of age (ing) on th e  pe rce ption of 
th e rm al com fort, as  w e ll as  a corre ct im -
ple m e ntation in re lation to m ode rn ar-
ch ite ctural solutions  and h e ating, ve ntil-
ation and air-conditioning (H VAC) 
te ch nologie s , w ill be  discus s e d bas e d 
on lite rature  study and th e  late st te ch no-
logical de ve lopm e nts.  

TH E PM V/PPD -M O D EL

In orde r to pe rce ive  th e rm al com fort, 
th e  h e at gains  and los s e s  of th e  h um an 
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body m ust be  in balance , th e  m e an s k in 
te m pe rature  and sw e at rate  m ust be  w ith -
in ce rtain lim its , and th e  body s h ould 
not e xpe rie nce  any local discom fort3. 
Fange rs  Pre dicte d Me an Vote  (PMV) 
m ode l is  bas e d on th e s e  as sum ptions , 
and pre dicts  th e  h ypoth e tical vote  on 
th e  standard 7-point ASH RAE scale  of 
th e rm al s e nsation for an ave rage  pe r-
son; i.e ., th e  m e an re spons e  of a large  
num be r of pe ople  w ith  e q ual cloth ing 
and activity le ve ls  w h o are  e xpos e d to 
ide ntical and uniform  e nvironm e ntal con-
ditions. Th e  m ode l include s  s ix m ajor 
pe rsonal and e nvironm e ntal th e rm al vari-
able s 3 (Figure  1). To e nsure  a com fort-

able  indoor e nvironm e nt, th e  ide al PMV 
is  z e ro (i.e . th e rm al ne utrality) w ith  a tol-
e rance  of 0.54,5. Fange r e stablis h e d a re -
lation be tw e e n PMV and th e  Pre dicte d 
Pe rce ntage  of D is satisfie d (PPD )3. PPD  is  
a statistical m e asure , w h ich  applie s  to a 
large  group of pe ople  w ith  ide ntical pe r-
sonal and e nvironm e ntal th e rm al condi-
tions. In practice , h ow e ve r, cloth ing insu-
lation, m e tabolic rate , and th e  
e nvironm e ntal th e rm al conditions  m ay 
vary cons ide rably be tw e e n th e  individu-
als  in a group in a give n space .

Since  th e  introduction of th e  PMV/PPD -
m ode l in 19 70, num e rous  studie s  on 
th e rm al com fort in re al life  s ituations  
h ave  be e n conducte d. Fountain e t al.8 
state  th at individual diffe re nce s  be tw e e n 
pe ople  are  fre q ue ntly gre ate r th an one  
ASH RAE scale  value  (Figure  1) w h e n e x-
pos e d to th e  sam e  e nvironm e nt. 
More ove r, th e  individual day-to-day pe r-
ce ption of a ce rtain e nvironm e nt can 
also vary in th e  orde r of one  scale  value , 
w h ich  corre sponds  to a te m pe rature  dif-
fe re nce  of 3oC or about th e  full w idth  of 
th e  com fort z one  (W inte r 20-24oC, Sum -
m e r 23-26oC). Th at is  th e  re ason w h y it 
is  unre asonable  to e xpe ct e ve ryone  to 
be  satisfie d w ith in a ce ntrally controlle d 
e nvironm e nt, e ve n w h e n th e rm al condi-
tions  m e e t curre nt standards 8. 
H um ph re ys  and Nicol9  s h ow e d th at PMV 
ofte n doe s  not m atch  th e  actual s e nsa-
tion of warm th , is  only re liable  in th e  
com fort range , i.e ., be tw e e n -0.5 and 
0.5, and is  unable  to pre dict com fort of 
large  groups  in re alistic conditions. Be -
caus e  PMV is  particularly s e ns itive  to air 
ve locity, m e tabolism  and cloth ing insula-
tion, inaccurate  as sum ptions  re garding 
th e s e  param e te rs  can le ad to s e rious  
m is inte rpre tations 9 . More ove r, th e  band-
w idth s  of param e te rs  m atch ing corre ct 
PMV are  narrow e r th an state d in ISO  
7730. In addition, its  validity range  is  
too narrow  for application in tropical 
are as 9 . 

Figure  1. Th e  Predicted Mean Vote  (PMV) 

w ith  its s ix input param ete rs, th e  rela-

tion to th e  7-point ASH RAE scale  of 

th e rm al sensation (inse rted table) and 

th e  graph e d relation betw e en PMV and 

PPD  (Predicted Pe rcentage  of D issatisfie d)
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D e  D e ar e t al.10 found th at th e  PMV/PPD -
m ode l is  too re strictive  for naturally ve nt-
ilate d (office ) buildings , and th e re fore  
cre ate d an adaptive  com fort m ode l5,10 
th at re late s  indoor to outdoor air te m pe r-
ature . Unfortunate ly, th is  m ode l h as  a 
lim ite d applicability as  w e ll. Fange r and 
Toftum 11 ack nowle dge  th e  im portance  
of e xpe ctancy accounte d for by th e  ad-
aptive  m ode l. 

AGEING AND  TH ERM AL CO M FO RT

In principle , olde r adults  do not pe rce ive  
th e rm al com fort diffe re ntly from  young-
e r colle ge -age  adults 2,12. Th e  e ffe cts  of 
ge nde r and age  can be  accounte d for by 
m ode l param e te rs  s uch  as  activity and 
cloth ing le ve l12. O n ave rage , olde r 
adults  h ave  a low e r activity le ve l, and 
th us  m e tabolic rate , th an younge r pe r-
sons  w h ich  is  th e  m ain re ason th at th e y 
re q uire  h igh e r am bie nt te m pe rat-
ure s 12,13. Th e  ability to re gulate  body 
te m pe rature  te nds  to de cre as e  w ith  
age 12. Alth ough  20% of olde r adults  
s h ow  no vasoconstriction of cutane ous  
blood ve s s e ls , not all of th e  re m aining 
80% h ave  dim inis h e d control of body 
te m pe rature 14. Foste r e t al.15 found a re -
duction in th e  sw e ating activity of age d 
m e n com pare d to younge r age  groups. 
Th e  body te m pe rature  th re s h old for th e  
ons e t of sw e ating was  incre as e d as  w e ll. 
Th e s e  diffe re nce s  w e re  e ve n m ore  pro-
nounce d in age d wom e n. Tsuz uk i and 
Iwata13 found th at th e  e vaporative  wate r 
los s  doe s  not s ignificantly incre as e  w ith  
m e tabolic rate  in olde r adults  tak ing 
ligh t e xe rcis e . 

In ge ne ral, olde r adults  h ave  re duce d (i) 
m uscle  stre ngth , (ii) work  capacity, (iii) 
sw e ating capacity, (iv) ability to trans -
port h e at from  body core  to s k in, (v) h y-
dration le ve ls , (vi) vascular re activity, 
and (vii) low e r cardiovascular stability12. 

A num be r of studie s  h ave  be e n conduc-
te d on olde r adults  and th e ir pre fe r-
e nce s  of, and re spons e s  to, th e  th e rm al 

e nvironm e nt. Som e  studie s  found diffe r-
e nce s  in h e at balance , or pre fe re nce s  
for h igh e r or e ve n low e r te m pe rature s  
be tw e e n th e  old and th e  young, w h ile  
oth e rs  h ave  give n support to th e  
PMV/PPD -m ode l th at suppos e s  th e  sam e  
th e rm al pre fe re nce  for all age  groups. 

Clim ate  ch am be r re s e arch  by Tsuz uk i e t 
al.16 s h ow e d th at th e  h e at balance  of 
olde r adults  was , or appe are d to be , 
le s s  th an th at of colle ge -age  pe ople . Tsu-
z uk i and O h fuk u17 found th at olde r 
adults  h ave  re duce d warm th  s e ns itivity 
in cold s e asons , and s im ilarly re duce d 
cold s e ns itivity in h ot s e asons. 

Enom oto-Kos h im iz u e t al.18 s h ow e d 
th rough  clim ate  ch am be r re s e arch  th at 
olde r adults  w e re  th e rm ally ne utral at 
23oC ope rative  te m pe rature  w ith out 
h e ate r, and 20oC w ith  h e ate r, in con-
trast to 21oC for young pe ople  in both  
s ituations. O pe rative  te m pe rature  is  th e  
uniform  te m pe rature  of a radiantly 
black  e nclosure  in w h ich  an occupant 
would e xch ange  th e  sam e  am ount of 
h e at by radiation plus  conve ction as  in 
th e  actual non-uniform  e nvironm e nt. 
PPD  was  th e  low e st at 24oC ope rative  
te m pe rature . Ph ys iologically olde r 
adults  pre fe rre d a warm e r e nvironm e nt 
(+  2oC) th an younge r pe ople . It is  s ug-
ge ste d th at, also psych ologically, th e  20-
24oC com fort z one  was  not warm  
e nough  for olde r adults.

Collins  and H oinville 19  s h ow e d th at 
olde r adults  on ave rage  pre fe rre d a 
low e r te m pe rature  th an young pe ople , 
w h ich  was  e xplaine d in te rm s  of h igh e r 
cloth ing insulation. Fie ld re s e arch  by 
Ce na e t al.20 found th at e lde rly in 
Canada w e re  com fortable  at te m pe rat-
ure s  cons ide re d to be  too low  according 
to th e  PMV/PPD -m ode l. Th is  could be  e x-
plaine d by an inability to h e at th e  h om e  
ade q uate ly, a patte rn also found in ove r 
h alf of e lde rly h ous e h olds  in Ire land21. 
Tsuz uk i and Iwata13 found th at e lde rly 
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in ge ne ral e xpe rie nce d e xpe rim e ntal con-
ditions  to be  warm e r th an PMV. Roh le s  
and Joh nson22 found th at olde r wom e n 
fe lt warm e r th an younge r at th e  sam e  
te m pe rature . No age -de pe nde nt diffe r-
e nce  was  found am ong m e n. Th e s e  re s -
ults  contradict e xpe ctations  th at olde r 
adults  would pre fe r a h igh e r te m pe rat-
ure  at sam e  cloth ing and activity le ve ls , 
due  to low e r basal m e tabolism . Collins  
and H oinville 19  e xplain th at olde r adults  
m ay h ave  h igh e r pe rce ntage s  of cu-
tane ous  fat de cre as ing th e  conductive  
h e at los s. Th is  m ak e s  it e as ie r for th e  
body to m aintain a ce rtain core  te m pe rat-
ure  at low e r am bie nt te m pe rature s , and 
w ill also le ad to low e r s k in te m pe rature , 
w h ich  influe nce s  th e rm al com fort ne gat-
ive ly. More ove r, e lde rly m ay h ave  a de -
cre as e d pe rce ption of (particularly low) 
te m pe rature 19 .  

Turnq uist and Volm e r23 found an optim -
um  te m pe rature  of 25.3oC for s e de ntary 
olde r adults , w h ich  is  w ith in th e  curre nt 
com fort range . H ow e ve r, th e  cloth ing in-
sulation was  found to be  low e r th an th at 
of young adults. A study by Collins  e t 
al.24 s h ow e d th at w h e n give n control 
ove r th e ir e nvironm e nt, olde r adults  pre -
fe rre d th e  sam e  m e an com fort te m pe rat-
ure  (22-23oC) but m anipulate d am bie nt 
te m pe rature  m uch  le s s  pre cis e ly th an 
th e  young. According to Ce na e t al.25, 
studie s  give  s upport to PMV, e ve n in 
non-standard groups  s uch  as  olde r 
adults. 

In ge ne ral, e lde rly s e e m  to pe rce ive  
th e rm al com fort diffe re ntly from  th e  
young due  to a com bination of ph ys ical 
age ing and be h avioural diffe re nce s. Indi-
vidual diffe re nce s  are  too large  to draw  
an une q uivocal conclus ion on th e  re q uire -
m e nts  of olde r adults  re garding th e ir pre -
fe rre d th e rm al e nvironm e nt. Alth ough  
th e re  is  e vide nce  th at th e  PMV/PPD  
m ode l doe s  not com ple te ly accurate  pre -
dict th e rm al com fort for e lde rly, cur-
re ntly th e re  e xists  no be tte r m ode l. It 

m ay be  conclude d th at m ore  re s e arch  is  
ne e de d on th e rm al pre fe re nce s  of olde r 
adults , for e xam ple  th rough  fie ld stud-
ie s  in w h ich  olde r adults  are  give n pe r-
sonal control options  ove r th e ir th e rm al 
e nvironm e nt.

TECH NO LO GICAL H O M E ENVIRO NM ENT

Th e rm al com fort in th e  h om e  e nviron-
m e nt can be  ach ie ve d th rough : (i) pas s -
ive , arch ite ctural solutions , e .g. th e rm al 
m as s , blinds , orie ntation e tc, and (ii) 
m ore  active  te ch nological solutions , 
s uch  as  H VAC-syste m s  and h om e  auto-
m ation26. Arch ite ctural solutions  ofte n 
form  an inte gral part of ve rnacular and 
m ode rn buildings , and in m ost cas e s  re -
q uire  m inim al us e r inte raction to guaran-
te e  a com fortable  indoor clim ate . 
More ove r, m ost of th e s e  solutions  do 
not us e  e xtra e ne rgy and do not put a 
strain on th e  e nvironm e nt. H om e  auto-
m ation te ch nology include s  all in-h om e  
de vice s  and infrastructure s  th at us e  e le c-
tronic inform ation for m e asuring, pro-
gram m ing, and control of functions  to 
th e  be ne fit of th e  re s ide nts. Th rough  
th e  inte llige nt com bination of non-invas -
ive  b iological and e nvironm e ntal 
s e nsors  and actuators  (Figure  2), auto-
m atic tuning of th e  indoor clim ate  to in-
dividual ne e ds  is  lik e ly to be com e  pos -
s ible  in th e  h om e s  of olde r adults  in th e  
Industrialis e d W orld in th e  future 2, e ve n 
th ough  no w e ll-e valuate d and work ing 
syste m s  can be  purch as e d on th e  m ar-
k e t-place  ye t. Bottle ne ck s  of curre nt 
h om e  te ch nologie s  are  inade q uate  con-
trol options  for pe ople  w ith  de cre as e d 
m uscular, visual and auditory function-
ing, th e  lim ite d com patibility of various  
syste m s , and financial aspe cts. Future  
dw e llings  could re spond autonom ously 
to ch anging w e ath e r conditions  and at 
th e  sam e  tim e  optim is e  e ne rgy us e , for 
instance , by autom atically clos ing w in-
dow s  w h e n outdoor te m pe rature  drops  
or turning off h e ating w h e n w indow s  
are  ope ne d. H VAC-syste m s , w h ich  can 
supple m e nt arch ite ctural solutions  in 
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w e ath e r e xtre m e s , could be  controlle d 
in com pliance  w ith  pe rsonal pre fe r-
e nce s. Room s  could h ave  individual te m -
pe rature  profile s. Im pairm e nt of th e r-
m ore gulatory functions  due  to 
dim inis h e d or abs e nt sw e ating15 is  
th ough t to be  one  of th e  factors  re spons -
ible  for incre as e d m ortality am ong olde r 
adults  during h ot sum m e rs 12,27. Th is  is  
e ve n m ore  critical for be dridde n (institu-
tionalis e d) olde r adults , w h os e  cloth ing 
insulation is  strongly incre as e d by th e  
be d and be dding28, and th e re fore  ne e d 
low e r am bie nt te m pe rature s  (22.5-
25.5oC) as  com pare d to m obile  
pe ople 27. Ade q uate  H VAC-syste m s  at 
h om e  of th e  frail are  of gre at im port-
ance  in pe riods  of e xtre m e  w e ath e r con-
ditions. D e pe nding on th e  s iz e , e ffe ctive -
ne s s  and controls  of th e  cooling syste m , 
th is  re duce s  or e lim inate s  th e  num be r 
of h ours  w ith  too h igh  indoor air te m pe r-
ature 27.

Th e re  is  no ne e d for pre scriptive  stand-
ards  if individual control is  provide d in 
orde r to optim is e  th e  indoor e nviron-

m e nt to pe rsonal ne e ds 8. Alth ough  pas s -
ive  arch ite ctural solutions  are  pre fe rre d 
to guarante e  th e rm al com fort, room s  of 
frail olde r adults  m ay be  active ly con-
trolle d for th e  ave rage  occupant12 bas e d 
on a PMV/PPD -algorith m  us ing re al-tim e  
m e asure d input data. Additionally indi-
viduals  s h ould be  give n dire ct control 
for fine  tuning e nvironm e ntal param e t-
e rs , in tim e  s upporte d by inte llige nt 
te ch nology substituting fre q ue nt us e r in-
te rve ntion. Eas ily ope rable  te ch nology, 
ch aracte ris ing th e  future  h ous ing of 
olde r adults , is  e xpe cte d to incre as e  
us e r autonom y, and provide  optim um  
th e rm al com fort for e ve ryone .
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