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AIP. MOVEMENT AND HEAT DISTRIBUTION 
IN HEATED FACTORY SPACES 

P.J.JONES and P.E.O'SULLIVAN 
Yelsh School of Architecture 

UYIST, 20-22 North Road 
Cardiff Cfl JDY, UK 

l. Introduction 

Traditionally in the UK factory spaces were not generally heated 
throughout, but rather, heating systems were used to provide an 
'umbrella' coverage of heat over a certain occupied area. The building 
fabric was usually poorly insulated and 'leaky' and so it did little to 
contain the delivered heat within the space, nor did it contribute a 
great deal to the thermal environment other than to provide basic 
shelter from the elements. After heat had been delivered to the 
prescribed area of coverage it was considered more or less lost, ie. if 
one was outside this umbrella of heat cover one expected to be cold. In 
this way the thermal environment was considered to be 'emitter 
dominated' with the heat emitter being either predominantly radiative or 
convective in its delivery of heat to the space. 

For modern low energy buildings in general the thermal environment is 
not emitter dominated. Once the building has been 'warmed up' the 
heating system should play a secondary role to the fabric in maintaining 
thermal comfort conditions. Modern factories are now designed to be 
better insulated, at least to the UK Building Regulations recommended 
levels (1), and are often better sealed in terms of air infiltration 
rates (2). The fabric can ~ow contain the heat after it has been 
delivered lo the space. •However the method of heating system design has 
not changed generally In concept f1om that of providing heat coverage, 
or 'emitter dominated' areas. Many systems, both radiative and 
convective are not designed to operate, within the comfort region, with 
the necessary degree of modulation required in 'low energy' factories. 
Therefore although modern factory heating systems claim to be efficient 
in converting fuel to heat, they often prove lne[[lcient in the ultimate 
delivery of heat to the space. This can result in poor environmental 
conditions and energy waste. 

This paper describes the air movement and heat distribution measured in 
low energy factories which had installed a range of heating systems 
currently popular in use in the UK, and discusses the results in terms 
of thermal petformance and thermal comfort . 

The factories were designed and constructed by the Yelsh 
Agency and the project was funded by the Joint Development 
the UR togelhe1 with the Depart men I of Energy (BRECSU), the 
Engineering Research Council and B1 itish Gas. 

Development 
Agencies of 
Science and 
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2. Monitoring Heating System Performance 

Over the past three years a number of low-energy factories have been 
monitored in a field measurement project the aim of which was to 
demonstrate the energy saving benefits resulting from improved levels o[ 
thermal insulation and lower air infiltration rates (2,3). The main aim 
of the project vas to assess the f abr Jc performance, houever, the 
opportunity vas taken to carry oul additional experiments in order to 
assess the heating system performance Jn relation to the 'low- energy' 
fabtlc design. The factorles, which vere predominantly naturally 
ventilated, and in the size range 180 to 1800 sq.m. floor area, had 
heating systems which "ere considered lo be representaUve of current 
'state o[ the art' design for the UK. They are presented in table l. All 
were fueled by gas. 

Type of system 

Unit Yarm Air Heater 
Radiant (Black) Tubes 
Radiant MPHY Panels 
Radiant Plaques 

Control 

on/off* 
on/of[ 
modulating 
on/off 

Floor area (sq.m.) 

180 
900 

1800 
180 

* Later changed to modulating control 

Table 1. Monitored heating systems . 

For nil the heal Ing systems In table I, measurements were c;irrle<I 011l of 
temperature gradients with time, durlnR the heating season. Additional 
measurements were carried out 011 the unl l warm alr hei1ter and the 
radJant tubes. These Including gridded space air velodty and 
temperature me<1surements (us lng a DIS<' Mull I - Channel A Ir Flov Andyser 
and smoke v .I snnl Isa t I on), and bo11nd:i1·y rondl t I on mP.nsuremen ts, ""I rh r or 
the unit air healer Included delivery air temperatures and velocities, 
and for the radiant tubes, tube surface temperatures. 

) . Heat Requirements of Modern Factories 

In modern factories in the UK the fahric heat loss has been reduced 
considerably over the past dec;ide. Typi cal se;isonal energy targets :1re 
0.35 Gj/sqm/an1111m 1 and typical design fabric heat loss targets are 60 
w/sqm (for a OT of 20 degC) (J). A typi cal dajly space heating energy 
demand prof I le is pres ented in [ip.ure I for :. foctory he:ited by :t v;irm 
a I r hcn l c r w I th :t modtd :t \ Ing c<>n \ 1 Cl I (~re :i l so SC'C t I on '• . I ) . Th Ii: r :isC' 

serves lo llJustrate the requirements placed on the design o( Industrial 
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heating systems for modern factories. Besides having the capacity to 
warm the building up 'from cold', a system should have adequate control 
to deal with variations in demand on both a daily and seasonal basis. 
In addition, it should deliver and distribute the heat in such a way as 
to provide comfort in the occupied regions in an efficient manner. 

ln"!V.Y 
{It'.') 

\ __.. h~-H ;o, 
~ ..... . __ 
_r··- - --
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~ Hl)ur s 

" 1• 

fig. I Typical daily heat demand profile and process heat gain. 

'• · Case Studies 

The case studies [or the various heating system options (table 1) are 
prrsrntrri in term~ of the ability nf enrh system lo control the heat 
supply to the space and also o[ the way In which heat Is delivered and 
distributed to where it Is needed. 

~.I Unit ~atm Air 

The unit warm air heater option was Cirst operated TJlth ;in on/off 
thermostat air temperature control situated on the wall just below the 
heater unit, which was 1o1all mounted . This mode o( operation resulted ln 
1o1ide variations of temperature vith time, 11lth floor to ceiling 
temperature gradients peaking as high as 20 degC, as shown in the first 
four days of figure Z. The space was effectively being heated •from the 
ceiling down' and there were complaints Crom occupants of lov 
temperatures at floor level in relation to the high tempei:atur:es at 
upper levels. 

'Jn order to improve matters" mod11l;iting control was installed whi ch 
modulated the gas pressure (down to a minimum of JOX full load) based on 
return ;1i1 temperature. The imprnvemcnt in air temperature profiles 11ith 
1in1P c11n "" ,;ce11 In the la .~t tl11 .. e <lityS or (igure 2. The ability lo 
mocl11l;it c tn m;it ch thl.' vn1 J;ition in lo;icl contlltlons, eg. with the 
occurrence or process heal gains . 11as tlemo11strated on a daily basis in 
figure 1, whi ch presents typi eal d;ii l y "nHgy profiles for a day after 
the ins ta\ latin11 of the modvlat lnr. eo111rol. The im1noved profiles 11e1·e 
re lated to the 1e<luction in b'•oyancy fo1ces res ulting frnm the reduced 
he:iter l l:';1vi 11g ;iir tempera1 11 res . Tlri" 11<1 ,.; <lemo11strated in the air Clow 
vector mea,;111eme11ls presented i11 figu1e s 3 (a) to (c) for three heat 
ouLpul levels. 
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Fig.Z floor (0.3m) to ridge (5.0m) temperature gradients for a 7 day 
period during vhich the controls were changed from on/off to modulating . 
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fig.) Air flow vectors for three heater temperature settings, namely 
(a) 25kV, (b) 20kV and (c) 15kV, and (c) for a reduced leaving speed. 

(maximum temperature gr~dients are included for the dotted region) 

Because the heater operates for much of the time at reduced load the 
bouyancy forces vere weaker and the temperature profiles 11ere more 
'stable'. Ho1o1ever it did mean that the air movement in the space 1o1as 
often high relative to the air temperature on 101.1 't\1rn do11n' and there 
vere complaints of draughts . The system 1.1as designed on the concept of 
supplying a particular area of heat coverage, and therefore, on this 
basis required a jet velocity sufficient to reach the f(lr s ide of !he 
factory. Jn fact the system ..-as ove1sized in terms of its capllcity, in 
nrder to ac·hieve the rcqnirerf jvt '1hro11•. I/hen Lhe heater 1o1as inod1tlated 
on leaving velocity (reduced hy about half) as veil as temperature, as 
shown in figure 3(d), the space tempe1nl11res 1o1ere ~till found to be 
satisfactory b11t now the air velocitie~ were reducer!. The space became 
less dominated by the system, and potentially more comfortable. 

__.,. 
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4.2 Radiant (Black) Tubes 

Th·e radiant tube option had an on/of[ thermostat air temperature control 
;rnd, as presented in Cigure t,, it sho"'ed a similar air temperature 
pro(ile over time as for the w•rm air system in the on/off control mode 
o f operation. ln the ciise of the radi ant tubes the floor to ridge air 
lemperat11re gradient vas about 8 degC, being steeper in the upper region 
(bet.,een Jm and 6m). 

,
1

, .1 \ Te111rer01tur1P 
I I~. (dt'~C) 

3 ?~~ P. ~~i'! 

{(') 

I ~!J 
e 7'1 

II ') J· r.s. 

JM!\ (Y;;'.\ ~y~ ~ I\ ·H, O. J• 

. l 1 \_J' ""---0 . '-.J '\..... '----J-"'-- .... /"'-.. 

7 3 ) 6 

Fig .4 Air temperature profiles for the radiant tube heating 
system, for a 7 day period, "'ith measurement points 

at 0 . 3m, 1.5m, 3.0m and 6m (ie. ridge height) 

Thl s implies that there was a significant convective output from the 
tubes. Measurements of the tube surface temperature along its length 
1Jere carried out and from these measurements the radiant Input to the 
space 1Jas estimated to be 55 r. of the total heat input, vhich is not as 
high as usually assumed [or this type oC system. 

Heasurements ol air velocities and air temperatures vere carried out at 
p,rid.Jed points throughout the s pn ce. V<.?locl ties vere found to be 
generally less t h:>n 0.1 mis, th c. pnt tecn o f ah movement being generated 
by the relatively ve;ik natural bunyanr.y lorces. floor to rlrige 
temperature gradients were typically about B degC. Air movement In this 
lactory was therc.(ore considered not to be a source of discomfort. The 
only source or possible dlscomlor• urre the 'e•cessive' variations of 
tempecature with time resulting f tom the on/off control. 

'·3 Radiant MPHY Panels 

Y!~ · :~=~~;"'"'C 

H~' I ~'. ;::· 
? (':, J ,\ t> /. ' .// ,..,....(/ ? J 

I ~~ . f\r:r:\Jf\~.rv~\PV ;;.-< " 
e /S 

e e~ s 6 
O:i y:o:: 

? 

Fig.5 Air IP.mpetatute pro[i]e,; fo1 mph" radiant panel heating system . 
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These "'ere installed in the largest fnctory Investigated, IROO sqm floor 
area. The radiant mphw panels option had a modulating control fitted as 
standard and, as the profiles of figure 5 shov, the air temperatures 
vere more stable with time compared to the previous radiant tube option. 
The radiant efficiency vas not very high vi th the rarliant component 
contributing about 40 Z of the total heal delivered to the space. 
However the factory was able to contain the heat once it had been 
delivered and perhaps a high radiant efficiency is not necessary . Thls, 
together vi th the modulating control means that the system tends tovards 
a non-emitter dominant mode of operation, and ls generally considered 
to be able to provide a comfortable thermal environment. 

4.4 Radiant Plaques 

Jn _ T• •P•tt l.,,•• 
fOCJ 

IS 

12~ !ntrtn (lor.'1) 

11 11..,ur ?t tlod 

f'ft l: 1'.t!ln1 

/ 

--\__.. 
~I • (', • It . , , ,., .. . . ' 

/ 

Flg.6 Daily profiles for radiant plaques 

The radiant plaque option was chosen for the smaller factories for 1Jhl~h 
there 1Jere difficulties at the lime in ohtalning heating systems to 
match the (lov) heating requirements. Radi;111t plaques can he distributed 
ahont the "trnce to provide a tr;irli I innal type of hrat covr1 ap,r 
concentrated around "'Ork positions and in sulflclent number lo match the 
fabric heat loss. The plaques uere controlled by on/off temperature 
thermostats. llowever, during occup;rncy they ver!' 11s11al Jy control led 
manually, ui th operatives llltning i11divid11al plaques on or off "" 
required. A typical daily profile is presented in figure 6. Yhat 1Jas o[ 
interest in the use of the plaques w;is th;it the operatives tended to 
turn o[[ the plaques over the 1JOtk pnr.i t ions, and used the plaques a"'ay 
from the work positions to provide heat to the space. This is contrary 
to traditional concept of providing heater coverage and again favours 
the non-emitter dominant mode of operation . 
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5. DISCUSSION 

From the above cas e studies a number of point s arise for 
related to the heating of modern lov energy factories 
suitability of traditional heating sys tem design. 

5.1 Control 

discussion 
and the 

The l east ex pens ive cont rol opt i on is t he on/off thermos tat, and 
t here fo re it i " n r ten s pecl fi 111I Cor many sys tem options. In tact a 
numher of ct1rt t- 11 t l.y available sys t ems v i 1 l only ope rate ln an on/ o([ 
mode . Thi s d l c tst es a pe ri od of ma ximum hea t Input follo••ed by a period 
of no hea t . The tempe rsture grad i en ts during thi s cycling depend on the 
natur e o f hea t del iver y in relation t o the bouyancy for ces . Because the 
heat input lo I he s pace I s a J vays a t the m;ix I mum level bouyancy for ces 
vi J l be :d •Ja ys a t their hlp;hcst vhi ch •J i 11 n :s11l t In high t empe rnt11 re 
grad I en ts. Thi s has bee.n s hovn t o b'! the clls e lor rad I en t sys tems as 
vell as for convect i ve systems. In Jou - energy fac tories whe r e the 
hea ting sys t em Is s till s .ized on desi gn hea t l oss although It operates 
l cr th e mn:: I 1 lme il l pn rt lnnrl 1ht> arlvrrse e ff ec t s of on/of f cont rol 
t11 nd t o he p,r ca t er , as ii 6rcn tc 1 •:<1 mwm r:11 t o l the hea t requirements nre 
met by incidenta l hea t gains, eg. l r om process hea l . 

The modulating control matches the heating system output closer to the 
(varying) heat requirements of the space and therefore provides a more 
stable and potentially more comfortable en vironment and tends to reduce 
temperature gradients . 

5.2 Distribution 

The case s t11dies have indicated that for modern low-energy factorie s the 
direct distribution of heat by the heating system in terms of providing 
an area of heat coverage is not as important as delivering the right 
amount o[ heat to match the heating needs at a particular time . The 
fabric of the building is able t o· contribute to the thermal environment 
and the heat contained by the building fabric will be distributed by 
'natural' forces . Radiant efficiency and jet throw are not considered 
to be such important factor s in heating system design in modern 
factories, indeed, a non -emitter mode o[ heat delivery is considered to 
be potentially more comfortable . 

Although temperature gradients can be reduced by t1sing a modulating 
control they will still occur even with radiant systems . There are 
destratification options available which claim to reduce and even to 
eliminate temperature gradients, though they ha ve not been tested during 
these studies . 

5.3 Thermal Com[ort 

Comfort is affected by heating system control (excessive variations of 
temperat11res with time) and the method o f heat delivery and distribution 
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(in terms of draughts from warm air systems or hot spots from 
systems). Comfort conditions are potentially easie~ to achieve 
environment is not dominated by the heating system . 

6. CONCLUSIONS 

The success of increased levels of insulation in reduc ing s pace 
rcqt1lrements for modern factorlcs has resulted In low tales 
demand being required from the heating system for much of the 
period. 

radiant 
vhen the 

heating 
of heat 
occupied 

Modulation is therefore preferred to on/off control, In order 
the red11ced hent requirements and lo avoid 'excessive 
variations wlth time. 

to match 
temperatu r e 

The 'traditional rules' concerning the provision of areas of heat 
coverage for both warm air and radiant systems are not directly 
appllcahlc [or low enerp,y f:lclode .~ . llP:if ne<'d not h<> d.lrec-ted at 
people, In an emitter domlr1;111t mannrt. In larl, hest cum(ort condlttons 
seem to occur when the heat Is dellvered indirectly to the occupied zone 
in a non emitter dominant mode of operation . 

There are still energy ineffi c i encies dtte to lemperat11re 
both rndiant and warm air systems, though they should 
good design. 

gradients 
be reduced 

for 
by 

In the short term, current heating sys tem options can 
energy factories with reasonable s uccess providerl they 
control and they are non-emitter dominant . llowever, in 
there is a need for new options which are better 
reqt1lrements of modern factorie s . 

be used in lov 
have modt1lating 

the longer te1·m 
matched to the 
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MESURES IN SITU DU COEFFICIENT MOYEN 

DES ECHANGES SUPERFICIELS INTERIEURS* 

S. Martorana et C. llianrhi 

Politerniro di Milano 

Dipartimento di Energetira 

I. lnl rodur lion 

Au rours dC'S annliE>s 198'4- 1986, onus avons rr;1J i.c;e un progrnmmC' d 'r.r;;s;,is 

sOr r, h~limr·nl" si111rs rl:lns l'll:llir rlu Norri (All>:l, Parma, Srhio, Torto

na) cl dans I' Ital il' du Sud (C.1mpnhasso, l.u< "r;i). 

On a ulil ise JR logements, pour un total dP 150 loraux ( 1,2,J), el on a 

mesure: les heterogeneites des temperatures superficielles des parois d(' 

fa~adc, a 1 'aide de la thermographie infrarouge; !es resistance.< 

thermiques des parois 1es plus signifir~tives; les p~r~metrrs 

mirrof'I imat iquC's dC's lrw:Jt1X (tf'mp(';r;iturc, liumidite relativt? £'l vitf'ssc> de· 
J'air; lf'mpCraturC' r;yyonn<lnt£' moyC'nllC' d£'s parois); Jes f~C"lC'llrs elf· 

lumiCre d11 jour dC"s 1o(':HJX signifi('ntifs; l'isolemc-nt acoustiquc• 

normalise des parois !.'I d!'S eli'm<'nls d!' fa~;ide, I 'isolement normalise cir.< 

planrher< aux bruits aeriens pt aux bruits de rhors, I 'iso)('m!.'nl drs 

bruits d!'S equipements. !.es mesures aroUSl iques Ont ete effectuceS por 

I' Isl itulo di Fisira Ternira dpJ Ja Farolla di lngegneria di Bologna. 

Nous avons saisi 1 1
0('('";JSion pour verifier la 

coerfiC'ients d 1 (ic-i1angt>S SUpf'rfiriels, ainsi 

ralruler. 

fiabil ite des vateurs des 

que des methodes pour I rs 

Celle romm11niralion ronrerne le roeffirient d'echanges superfiriels 

int(> r i f'Ur~. 

* CnnvC"nl inns dC' rC'r:h!'r«h<' flip:lrl im<'nlo di En!'rgetira del Polil<'rniro d; 

Milann/lspr('(Jil S.p.A . di Rom:. OJ.02.1984 el 31.10.1984, financfrs par 

1 'f\dmini s tral inn (Comil;ilo "dil izia Hc·sidC'nzia.lr (CER), arl. 2, IC'ltrr· f', 

1.oi '• )7 /7fl ) . 
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2. Position du probleme 

2. I. Les conditions aux l imi tes de 

condul'tion de la chaleur sont generalement 

des echanges thermiques par convect ion et 
relations telles que (4): 

'equation indefinie de la 

I inearisees, oU coexistent 

par rayonnemenl, avec des 

h·(t - l ) 
f s 

- k · (<lt /~n) 
s 

(I) 

ave~ n normale ~ la surface, orient6e vers 1 'i11l~rieur du rorps, ~t 

:tvrr 

I /1, 1= O,'il1 · (k/l.)·(!:1 · 1'1) 

he l/J 
= 0, IJ · (k/L) ·(Gr· Pr) 

pour la c-onVC'C' lion naturell<' 
(5,6. 7); 

o·f ((' h ~ (' . s s 
s p s ,, 

h 

IJOlll 

h + h 
(" 

(!:r· 1'1) = 10 

pour (Cr·Pr) = 10 

1, 

9 

II 
: ltl 

~ 10
12 

el pour I C'S surrnrC'S pl f111C'S 

It 1, 
I (I - ) F ) · (T - T ) l 

sp fl s f s 

( 2) 

( I. ;J) 

(J.b) 

VC'rr ir<1I rs 

(/,) 

avec "s• ep Jes emissivites des surfares S 5 <'I SP supposeC's gris<'s, Fsp 
le farteur de forme. 

2. 2. La fonction f(e , e 
I S· s 

' F ) est exprimable par: 
s p s ' p Sp 

r<e • e I s ' S , F ) = I I (I /e + (I /e - I) S /S ) (5) s p s P sp ~ fl s p 

oD Jes surfaces soient supposees a temperature uniforme et le farteur de 

forme Fsp est egal a I pour la geometrie de la figure I . 

2.3. 11 s'!.'nsuil que le flux lh<"rmiq11c> qui 

normalc> E'n regim(' stationnaire ainsi que 
sont donnes par: 

lr:-rvC'rsC' l.1 p;iroi suiv ;111t l;i 

la densile du flux lhermique 

<l>=h·Ct -tJ.s 
I s 

(6) 

('I 

~ 
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t ,e ,S 
s s s 

1> c 

t f 

<tr 

t ,e ,s 
p p p 

Srhema des flux thermiques i la surface interieure de 

la parois 

cp h·(tf-t) 

J. MesurC's in situ 

(7) 

). I. La (7) a ete util isee pour determiner !es coefficients d'echanges 

superfiriels par la mesure direrte in situ de la densite de flux 

!hrrmiquP et drs temperntures tr e! t 5 ; le srhema du sysleme de mesurr· 

C'Sl rc·prC:sC'nli' par la rigurf' 2. "'' mf:1m· sd1f.m:-i :1 CtC utilisf. pour m('S11T('f 

la resistance thermique des parois. 

r·· ,_ - - - - - - - t~mp'5rr1tur~ i'3j r e'5t0rle11r. - - -, 
,- -- - - - - - -- - fl"Y. PY.l:i'ri""T· - -- - -11 

I - - - - temperature surface exterieure --, 1 I 

111 
I 1 I .. , 

systeme 
d'enre~istrement 

dc.·s mcsun•s 

I '1 
, 1, 

111 
I 

- trmpc'ralure air -interieur · - J 11 
- - - - flux i11ll;riC'11r- - - - - I 
Lcr1Pt~ratun· H11rf:1cC' intCricurc - _l 

Fir,. ?.. Chai1H• dC' mC'StJTC" 
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J.2. La slalionnarite du flux thermique a ete verifiee par des enregi

strements de longue duree des temperatures de I 'air interieure et 

exterieure, des temperatures sur[aciques interieures et exterieures et du 
flux thermique meme. Les mesures ont ete effertuees au courn des 

sequenres froides les plus longue et au moins pour trois jours 
consecutifs. 

Les zones de mesure a flux unidirectionnel, qui ont etc rhoisies Sllr 

parois exposees pour la plupart au nord, ont ete localisees aver la 

thermographie infrarouge associee i des mesures ponr!ucl Jes des 

temperatures surfat:iques. La thermographie infrarouge a c'ti' ut ii iser 

encore, les f1uxm<?it res inslal IPs, pour verifier la ronservat ion dC' la 
unidirectionalile du flux thermique. 

J.J, Le projet du systeme de mesure a ete optimise par l'an;ilyse des 

C'rreurs; l'approximation poursuivir pour lri mC'SllT<' dC' h :1 6f(; c)p 1/-IOZ . 

l.'exprC'.r:;sion de? 1 '('rreur probable' 

N1/h f,
---- ----- ·-

7 7 
/\cf!/1p) ' ((\(I • I _)/(! - I )) 

r s f s (H) I/ • 

a suggere, pour !es mesures in situ, des approximations de +/-4% pour le 

flux thermique et des approximation de +/-8% pour la di ffcrcnrc dr 
lf'mpi'r:tl UTf" ('Ill rf" 1 '.ii r C'I 1:1 p.1rni. 

L'excellenl accord enlre Jes resistances thermiques des 

ele mesurees simultanement au coefficient h, et 
parois, qui ont 

lrs ri's;sl:tnrC's 
rnlr·ult'C's, Tf'prPsf'nlC' Unf' vf.rifi<'illion indir<'CIC' du nivP;1t1 d" fiahilir,• 

clcs mcsllTC'S dC's susdits roC'ffiriC'nls d'~rl1ange superfiriels. 

lo. Rcsul tats 

I.rs n•s11l I al s ~011t 16sum(~s <la11s I t•s I ;1h I <•aux I, 7., 'J ('f r, . 

4.1. LC' lnbleau I ronrf'rne les valeurs du rof'fficiPnl dp cnnvpc( inn he 

calruli'f's pour lrs lf'mpi'raturf's mrs11rf<'s; l.1 hnufpur <IP l:i paroi <'SI la 

mi'mC' pour lous I cs bat imenl s: L ~ 2, 7 m. 

Le lablC'::JU 2 ronC'crne ]C's valC'urs du f'OC'fficipnf dr raynnnrmC'nf hr, 

ralru16'f's pour lf's rempCralurps Tr f'l Ts mf'sun~C's, pour IC's gl-;omf'friC's cfp 
ch.1quc• lnc;i1 f'f sous lcs hypollu•sr•s suivanlPs: 

T 11 =-Tr, sa11I pour le> h1ifimc•11I A oir l;1 v;d(•t11 ell' 'Ip ;1 ,;,,~ nu•s111(;<, c a1 

ii C's! rhau[(e par rayonnement (l/J au pl;ofond, 2/J <lll planrher); 
ep = e 5 = 0,9. 

---
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Tableau I. Valeurs de he calcuiees pour les temperatures mesuree 

et pour L = 2,7 m 

·-·------------· 
Pr 

bat mes l r 
l 

s 
T 

m 
k. 102 v· .106 

Gr· Pr 

· 10-9 he 

" B 

R 

c 
0 

0 

0 

F. 

F 

F 

hat 

" R 

R 

c 
IJ 

IJ 

v 
E 

F 

F 

4. 2. 

ges 

ge. 

4 

5 

6 

A 

9 

10 

24 '7 
29,0 
28,11 

2J,5 
20,9 
16,6 

20,5 
19,4 

2 I' 9 
18,B 

T~hlPau 2. 

mC'S 

2 J' I 
27,5 
26, 0 

19,9 
18,4 

14 '7 
I 7, 7 

17' 5 
20,1, 
17,6 

I ,6 

I, 5 

2,4 
J,6 

2,5 
I, 9 

2,8 
I, 9 

I, 5 
I, 2 

297, I 
JO 1,4 

J00,4 
294 ,6 

292,B 

288,8 
292. J 

291 ,6 

2911. J 

291,4 

2,628 
2,662 

2 '6 5 7 

2 ,6 IR 

2,597 
2,563 

2' 594 
2,585 
2 ,60'> 
2,580 

15,50 
15,91 
15,85 

15,J9 

15' 14 

14 '75 

15' 11 
15,0 I 
I 5, 21, 

14 '95 

0, 702 
0, 701 
0, 701 
0, 702 

0, 703 

0, 704 

0, 703 

0, 703 
0, 70) 

0,703 

3,037 
2,660 
4,303 
6,984 
5,055 

4' 109 
5,693 
J, 924 

2,971l 
2,500 

I, 832 
I, 776 

2,081 
2 ,409 
2. 146 

I' 977 
2,230 
1,963 
I ,805 
I ,686 

V::Jlc>urs dC' hr rrilnilf'C's pour leis temperatures meso

rces Tr rl Ts ainsi q11e pour Jes gcomelri!'S de 

,chaque !oral. 

T r s 
T 

p 
(' 

p 

____ ,. ··- ---·· -
(' 

s 

s, 
Sp 

h 
r 

-· ----- .. ... . ·-···- - ... -··--- ···- 299,2 0,9 0,200 9,5711 

,., 
7 

A 

9 

10 

297, 9 296, J 

J02. 2 

JOI ,6 

2%, 7 

294, I 

28?,R 
293,7 
292 ,6 

295, I 

292,0 

JOO, 7 

299,2 
2') "l, I 

291 ·" 
2R7,9 
290,9 
290,7 
291,6 
290,8 

)02,2 

10 I ,fo 

2%, 7 

2<Jl1, I 
7R?,R 

291,7 
292 ,6 

29'i, I 
292 ,0 

o, 9 

0,9 
0,9 
0, 9 

(), 9 

0,9 
0,9 
o, 9 

0,9 

Lr tabll"au J concern<' IC's val curs calculecs du 

superficiels, !es valeurs mesurees ainsi que Jes 

o, J86 5, 185 
O,IR7 5,loJI 

0 I 175 ')I J/4 5 

0, 1112 5 ,0')/1 

0, 111 2 11 ,RC,0 
0, 142 5,021\ 

0,205 4 ,%2 
0,127 5,!)111 
0, 1115 1, ,978 

coefficirnl d'crhan

ecarts en pourcenla-

moyennr moins du 7Z 
sont remarquables 

environ, pour les mesu
et incompatibles aver 

Les Crarls sonl modestes, en 

res I, 2, lw, R, 9; ils 
I '.1ypolhese TP =Tr pour les mesurPS J, 5, 6 et 7. 

La me5ure des parametrf'S mirrorlimatiques, effectuee simultanement aux 

mf'surcs cl" rf>sisl:tncP lh<'rmiq11P, ;iv:lil si~n;1IC pour les b1itiments ohjC'l 

clPs mc· ~~urPS '), 6 C'l 7, cks lt11midi1(-s r<'lal ivrs p;)rtiruliCrcmenl t~l<•Vc~1·s 
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et des temperatures radiantes moyennes partirul ieremenl basses par 

rapport aux autres batiments; pour le batiment objet de la mesure J, la 

sus-dite mesure avait signale une temperature radiante moyenne 
anomalement basse. 

Pour r.es batiments la rhute dPS echanges lhermiqurs par rayonnrmcnt 

etait, par consequent, previsible, ainsi que la surestimation des ec-han

ges calcules suivant I 'hypothese Tp = Tt (tableau 2). 

Pour !es batiments objet des mesures 5, 6 et 7 ii nous a paru raisonnable 

attribuC'r la diminu! ion dC' la lempfr;ilure Tl' ii J 'rvapora! ion <ks <';111x "" 

construction et par consequent de supposer Tp egale a la temperature 

humide de I 'air, evidemment pour Jes seules surfaces poreuses. I.es 

valeurs des coefficients d'erhanges superfidels ainsi recalrules 

confirment cetle hypothese (tableau 4). Dans le cas dPs mesures 5 et 7 

toutes les surf:lC'C'S sonl porC'USf'S snuf rf'11r du pli1nrhC'r: dans IC' cas dC' 

la mcsure 6 seulement le plafond est poreux. 

bat 

mf>S 

" heal 
mes 

TahlC'au 3. 

h - h 
r _a I mC'_S(Z) 

" mC'S 

Valeurs dC' h c;rlcult'C's, valeurs dC" h mC"sur~C's, l;<'•ll"l s. 

A R 

ff,lof 7, 16 

10,JS 7,76 

R 

·1 

7, 5 I 

5' 02 

r, 

/1 

7'., 5 
6,87 

10,2 -1,1 ~o.~ ?,? 

ll IJ 

(, 

7, 20 Ii, BJ 
1,61 4 ,92 

ll F. 

A 

7. 26 (,. 9J 
3,Rli 6,27 

f F 

'J 10 

6 ,s;; r,, fl6 

6 1 7 9 fl' l~t'4 

<JR, ] Jfl, fl RR, I I 0, 'i 0, 'J 1, t, 

Pour I<' fnr.11 ohjC"t cl<' l;1~mcs11rf' 1, l.1 haS.Sl' l(•mp(;lafn1<· 1ad;a11f<• lllPYC'lllH' 

C"Sl dup ii )a rontiguite dP Cf'rfi1inf'S p.'lrois ;tVf'C l~s p.'lt' (f('S OOtl 

ch;iuffi'r-s du h:itimC'nt. F.viclC'mm<•11t :1ur1111c' hypofhi;s<• r.C-1u.o;rali~:1hlr- f'!>I 

possihl<' sur c<"ll<" l<'mpi'r:1t11n•. 

5. (~'0~ 

5.1. I.es valeurs calculees C'l rpl Jes mC'surcC>s du roC'ffiriC'nt d'crhanges 

superfidels interieurs se reroupent de fa~on satisfaisante pClur des 

ronditions d'essai roherl"nlC's av!'r IC>s hypothC.srs "" n1ln1I <'I 1:la11s 1<' 

cas des g@ometries Jes plus courantes des loraux des logements . 

La moyennC' des v.ileurs c:1lruli'£'s, l'r,:11<' ii 7,0) w/m2·K, C'sl rn <'ffC'I f'll 

hon <t<'rnrd ;ivpc rC'll<' dC's v:1lc•urs me~ll•<;<'s <Jtli va11x (1,H 'J w/m2·f\. 
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Tableau 6. Calcul du coefficirnt hr supposant qu'une partie de 

la surface Sp soit a la temperature humide 

romparaison entre les v~leurs calcuJees et 

leurs mesurees de h. 

mes s 6 

··---
T 2911, I 289,8 293,7 

f 
Tr hum 

291, 6 211'; '9 291, 2 

T 291,6 287,9 290,9 
s 

T 292. 2 288,9 291,8 
p 

0,9 0,9 0,9 e 
s 

" 0, 96 0,91 0,96 

Sp/S 0' 11, 2 o, 16 2 o, 16 2 
s p 

h I, 210 2 ,6 32 1,612 
r 

h 3' )6 6 ,6 I ),86 
r;il 

h ) • (>) 11'92 J,86 
mes 

h -h 
ral mes ·- __ h ___ ---· . ( 7. ) -7 ,6 - 10,6 -0,S 

mes 

de 1 'air: 
\es va-

(C's v;ilPurs sont toutcfnis un pC't1 moinctrf' d(' rel les lt"S plus rf.pcn

dues car !rs conditions d'essai sont differenles des conditions reel Jes 

des Jnge menls habites. 

5.2. 1,ps (.rh:tn~('S tlu•rmi<Jurs p:tr conv<'ct ion soot nelt!'ment moins 

importanls de rel1Ps par rayonnement; leurs variations aver IC's 

temperalurC'S observCC's pC"ndant !cs essais, influencent peu la valeur du 

coefficient d'~rhanges superfiriels. 

l.e rnyonnrmrnl v;i11x prt'squr 70Z de " " roeffirient. Par C"Onsequent la 

redurtion de C'('S CrhangC's pc>OI contribU('f sensihlemenl a limiter les 

deperdilions thermiques des parois. Le mccanismP consiste dans la re

flect ion de I a chalt'ur radiant<' a la surface des parois, avant d 'en 

r~duire la rondt1rlion aver dPs isoJ~r1ts tl1crmiques. 

6. I. NomPnrlature 

A 

ll 

c 

(, . SymhulC'S C'
0

l l)Tl il t'~ • .!l!'. !"_!'.S_U_r!_ 

h~I imr·nl rlP Alh~ 

h:il imC'nt de• C:;1mpohnsso 

hfil imC'nl de l.ucera 

Cp 

D 

F. 

e 
F 

Fsp 
Gr = (1,3 g llt)/(Tm v2) 

g = 9,80665 
h 

k 

L = 2,70 

Pr=(IJ<"p)/k 

s 
T 

Tm = (Tp + T5 )/2 

l 

/\t=tr-ts 

6.2. l.t'ttres gre~ 

/\ 

v 

JI 
() 

'1> 

•11 

5,66961 10-ll 

6. J . lndices 

(" 

p 

r 

s 

6 .11. A!ih '!:.gj';~ 

bill 

C"al 

hum 

ITIC'S 

(J/kg K) 

( -

( - ) 

( - ) 

(m/s2) 

(W/m2 K) 

(W/m K) 

( m ) 

( - ) 

( m2) 

( K ) 

( K ) 
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ch.11 cur spc5c it i qu<' 

cons I ;lnl r 

batimC'nl dr Parm~ 

h.,tim('nf <IC' S«liio 

emissivil<? 
batiment de Tortona 

facteur dt' f ormr 

num~rn dr Grashnf 

acceleration dC' gravite 

.1 ptession 

rnrfficirnf d'frh;1nr,f'~ !=:t1pcrficirJs 

conduct ivir{> lhl"'rmiqur 

hauteur d" la parnis 

numero de Prandtl 

super fie ie 

temperature absolue 

IC'mp~raturt' mnyC'nn<' de 1 'air i la 

surfarc-

•c:) lrmpi'ral11re Crlsi11s 

~C:) cliff<';rrncp de- 11•mp(;rat11rr .-1ir-surfncr 

( N s /m2) 

(m2/s) 

(W/m2 K4) 

( w ) 
(W/m1) 

di ffcrrnc" 

viscositC 

viscosilC rinCm;1t iquc
ronsln11IC' de- StC'fn11-Rnllzm~11 

flux lhrrmiquC' 

clrnsili; dC' flux lhrrrniri11r 

convC"c t ion 

fl uidC' 

paroi~ interieures 
rnyonnl"'mC'nl 

surface inl~rie11re de ]a 

exterieure 

h:it imC"nl 

ra1<·ul <-; 

h11midl' 
11111m;ro de• I a TIH'!.;llrf': 1tH' ~; 1111 ; 

paroi 

< 
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AN APPLICATION OF KALMAN FILTERING TO ENERGY MONITORING OF BUILDINGS 

STIG llAMMARSTEN and URBAN NORL£N 
Swedish Institute for Building Research 

Box 7B5, 5-801 29 GAVLE. Sweden 

1. Introduction 

Analysis or monitoring data fro~ buildings using simple physical models . 
e .g . . energy signatures ![SJ, is a we 1 lknown method . for a given energy 
balance model, the ES denotes a set or parameter s describing the energy 
performance of a building . The values of the parameters are est imated rrom 
a statistical ana lysis of the bu i lding's performance . In ~ost cases the 
method or least squares ls used . lhe number of parameters depend$ on the 
energy ba lance model used and may vary from one to e ight or more . The 
models can be either static !JI , or dynami€ 121 . 

A basic assumption in most ES models is that a building's performance can 
be described as a constant-parameter linear system. Consequently. the 
models are normally identified orr-line with a method giving equal weight 
to data from each point or time. i.e., a complete set or data is analyzed, 
assuming that the parameters have the same values over the whole measure
ment period. 

!he assumption or constant parameter s may be vi o lated because of var iation 
in cl imate variab les. not inc luded in the analysis. e .g . . a s trong gale 

may cause increased air infiltration and thus in crease the energy loss 
l aclor . Changes in user habits or malfunction s in heating and vent i lal lon 
systems may also result in changes or parameter values . It would be useful 
to detect such changes in energy mon i tor ing or buildings . An inspect ion of 
detected changes in parameter values may give a warning that some action 
should be taken. 

Recursive on-line algorithms !31 with a forgetting factor or a rectangular 
window included, may be used ror estimation or the ES of buildings. This 
makes it possible to continously track changes in the values of ES-para
meters. 

2. Theoretical model 

The building is modelled by a number or nodal points connected by thermal 
resistances and capacitances, giving a lumped parameter model. Two simple . 
but for the present purposes sufficient, models are given in Figure 1. 

~ 
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Fig_ t_ Thermal networks or a 4-parameter and a 7-parameter model ror 
a building . 

!he vent1 lat ion losses are modelled together with the total conduction 
losses in one thermal resistance in the 4-parameter model and with two in 
the 7-parameter model. The thermal capacitance c1 is transrerring its 
energy to the internal air node through a resistance R- . In the 7-para
meter model. the thermal capacitance C7 transfers its ~nergy to the inter
nal air and outdoor air nodes. The solar aperture A is equal to an erfec
tive aperture area without any losses. These models and variants or them 
have been discussed by several researchers 12. 4. 5, 6 , 71. 

We will here discuss the 4-parameter model. Analysis with the 7- parameter 
model may be carried out in an analogous way 171. The governing differen
tial equations for the 4-parameter model is 

0 • A I _Rl (9 -9
1
1 ,lR lB- O I 

i i I ' o 

d91 1 
c1Cit=R - (9i-9t 1 

i 

in the five variables 

9 = Indoor temperature (measured) 1°c1 
B~ = Temperature or the capacitance (Hnmeasuredl c0 c1 
B = Outdoor temperature (measured) C CJ 
o0 

o Heat from auxiliary heating (measured) ['l/J 2 I = Solar radiation on the south wall !measured) ['l//m J 

([) 

( 2) 

. 0 0 0 2 and in the rour parameters R i I Cl'llJ. R 1 I Cl'llJ, C 1 C k'llhl CJ and A Cm l . 
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J. State space formulation 

A state space model consists of a measurement equation 

yt = 2 t0 t + "t 

and a transition equation 

at=Ttat-1 

t = 1.2 . .. ,T 

t = 1.2 .... T 

( 4) 

( 5) 

where a is a m*l state vector containing the model parameters and the 
latent !unmeasured) variables, zt is a m*l vector containing the measured 
variables and lagged latent variables, T is a matrix of order m*m, c i~ 
a normally and indepedently distributed ~isturbance term with varianc~ o _ 

Consider the equation system 111-121 above . With a time index on the 
variables, and using a first order difference approximation. we have 

where 

~ IB it-Bot 1 

0n = 81t-1' 

1 - 1 
R - R _ 

1 

1 
RI 

- 1 - R 
i 

19 it- 9ot 1 •Qt• " 1t 

M __ 
R i Cl 

18 H-1 8tt-1 1 

Inserting equation 171 into equation 161 gives 

161 

( /) 

(B) 

i (B it-Bot 1 = ~- lBlt-l-Bot 1 + :~l (Bit-l-Blt-1 1 ' Qt ' Alt 191 
1 1 

which may be used as the measurement 
outdoor temperature difference Bit -

z ltj z 2t -z =IZJt -
z 4l 
2 Sl 

9 tt - 1 
e it-ot 

I t 
0 

- 9ot 
- .elt-1 

" 

equation (41, where yt is the indoor-
9 ot. and where 

f0
1t 1 lR/R · 2 

102t·I R til/lRi(l) 
I D Jt : R 
l"<ll , RA 
~0 5tJ 9

!t 

( 10) 

If we assume that the parameters have constant values, the matrix T of 
the transition equation 151 becomes equal to the identity matrix extept at 
the fifth row and second column. where the element takes the value 

z2t 1"a-1· 

4. A Kalman filler 

The Kalman filter works sequentially. It consists of a sequence or predic
tions or the state vector . lhese predict ions arc up -dated as additional 
measurements arrive. The prediction equations of the ordinary Kalmao 
rilter may be written as 
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( 1 ll 

112) pt Tt_ pt-1 Tt 

where at is the predictor of the state vector with covariance matrix u
2Pt 

of the prediction errors . and whe~e at-l is the estimator of the state ar 
time t-1 with covariance matrix u Pt-l . 

When mea surements at time t are available the predictions Ill) and 1121 
are updated using 

~ 

at= ~t •Pt zt (yt - zt_ atl / ft 
1 A A A 

pt = x <Pt - Pt zt zt Ptl / r t 
A 

where ft=ztptzt+h 

( 13) 

I 14) 

I 15) 

and where h is a forgetting factor . If this factor is put equal to 1, all 
measurements will have the same weight . A >--value less than one gives an 
exponential damping of older measurements. 

Another way to discount old data is to put >- equal to 1 but let current 
estimates be based on a fixed number of the most recent measurements . When 
updating at time t, the impact of the measurements at time t -n are dis
regarded . Updating at time t is thus based on recursions starting at time 
t-n•l. Such an algorithm is known as a rectangular window. 

We can no t use the above a lgorithm exact ly si nce our mode l is nonl inear in 
t he parameter s. The t r ans ition mat r1 x I ha s elemen ts which are functi ons 
or t he u:s . To overcome th is non l inearit y we r1 rs t l ineari ze the pr oduc t 
Ti a) ta in 151 ar ound a . Th is l inear sy s te~ is then used t o obtai n a 
covari anc e mat rix or at r eplac ing 1121. An algor ithm of th is type is known 
as an ex t ended Kalma n r il t er . Th is re asoni ng holds when the forget t ing 
factor h is put equal to I . Wi th h-values less than I. the sampli ng prop · 
er t ies of th e parameter es t imates at is difficult to evaluate. 

In order to improve the estimates for the first measurements, calculated 
thermal parameters have been used to obtain starting values a0 

5. Application to solar test cell data 

A generally applicable method for on-line testing or passive solar com
ponents is currently being developed at the Joint Research Center or the 
European Community in l spra. Italy . The solar aperture or different win 
dows installed 1n standardized test ce lls has been evaluated with the 
Kalman filtering technique 17l . 

We cons ider dif fere nt conrig ur at 1ons of the south wa~l component of one of 
th e ee l ls . lhe g lazed ar ea or the component is 4.0 m . Global radiation on 
the so uth wal I , aux 1l1 ary heati nq . indoor and outdoor temperatures were 
measured and mean va lues stored ror each IS minutes . The selected measure· 
men t period s t ar t s at December 4th and ends at December 30th 1905 . During 
t h is period t he rol lowing ex p~ r i me n ta l set -ups were used: 
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Set-up 1. Partly unshielded window. Aluminium sheets are attached to the 
bottom part of the window. 

Set-up 2. Unshielded window . On December the 11th the aluminium sheets 
were removed. 

Set-up J . Partly insulated window . On December the 16th the lower part of 
the window was insulated by 30 centimeter polyurethane. 

We estimate the parameters in the 7-parameter model shown in Figure I . 
First, separate estimations were carried out r2r each experimental set-up. 
The solar aperture increases from 1.0 to 2.4 m when the

2
aluminium sheets 

were removed. The solar aperture then decreased to 1.6 m when part of the 
window was insulated. These results are consistent with the calculated 
values. The solar aperture appears however to be somewhat underestimated. 

Secondly , we use the data for a study or the technique described for 
detection of time varying parameters. Suppose we do not know the changes 
in the solar aperture resulting from the changes in the window area. To 
see whether these changes may be detected we use the Kalman filter with a 
rectangular window of four days 1304 data points) . For comparison we also 
apply the Kalman filter without a rectangular window. 

lhe results are shown in Figure 2. The rectangular window makes the 
changes more pronounced . The figure also shows that the Kalman filter with 
a window gives estimates which are closer to those obtained for the three 
experimental set -ups separately . 

A [m1] r--- --- ---
--- Wllh redongular 

window 

2,5 

2.0 

1,5 

1,0 

-a- Without rt'Clongulor 
window 

Um:hielded 
window 

____ •- ~~~w shitld!d 

Time 

__ POI' tty insulolf'd 
window 

Fig. 2. Recursive estimates of the solar aperture . The horizontal 
dashed lines indicate the final estimates in the three cases . 
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6. Appl ication Lo peak load anal ys is in occup ied houses 

Hine si ngle - family houses s ituated in d i rrer ent pa r ts of Sweden are cur 
r ent ly being moni tored by The Swed ish Build i ng Research Institute in 
Gaev le . lhe ob jec t ive is t o devel op met hods for peak - load predi c t ions . 
based on short - te rm mon i tor ing of houses . Energy for h~at i ng and domes t ic 
e lec l ri ci l y. indoor and outdoo r temper atu r es are measured and mean values 
s tor ed for ea t h JO mi nutes . Py r ano me t er s have not yet been installed so we 
mus t her e resort to a 3-parameter mode l wi thout a solar aperture pa r a
mete r . lhis is not a seri ous shortcom ing, s ince the analyzed data ar e 
collec t ed dur ing midw inter when the sola r ga ins ar e very small . 

w1c • 
220 

110 

100 

190 • 

100 

170 

-- ~ · 0, 98 
- · - - ~: 0,99 
- ---- ~ . 0,995 

·· ········ · ~ · 1, 00 

I 

l 
I. 
~ 
i! 
' I l. 
·1 
I · 
· ~ 
'1 I 

160 
1 

Dec 86 

.-,,_.,.-.-.,. . ..,.-.,-,-,r-r-.,---r::-~:.-'-, 

~,....- 10 12 ~-16 18 20 22 1' 26 28 JO Ti~! 

Fig . 3. Heat loss factor estimated with a Kalman tilter us ing 
different forgetting factors . 

Ka lma n f 1 llering ha s been appli ed w1L h the purpose of studying model 
per for ma nce w1lh d i fferent forgetti ng factors (~ = 0.98, 0.99. 0.995 and 
L.001 . The totd l energy loss fa c tor ( ltR1 l 1s shown 1n Figure 4 for one or 
t he houses wit8 da l a from Dece mber 1?86 . The house 1s situated 1n northern 
Sweden (Lal 65 I and lhe outdoor temperature varied considerably during 
t he measureme nt per iod . 

Christmas is an extraordinary event in Sweden with a lot of extra cooking 
and cleaning in the houses. Thi, is also true for the house considered. 
F1gure J shows that the estimated heat loss factor is noticeably higher on 
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the days preceding Christmas. If the forgetting factor is put equal to I. 
the increase In U-value before Christmas will not be detectable in the 
results . Between the 8th and 10th of December the weather was stormy, 
explaining the Increased losses during this period. 

Also for the other eight houses similar effects of the influence of users 
on building performance were obtained. For one house, the estimator be
comes unstable with a forgetting factor of 0.99. This household use much 
domestic electricity and hot water which is difficult to model. 

7. Conclusions 

An on - line identification method for energy monitoring of buildings has 
been described in this report . The method gives recursive estimates of 
thermal parameters describing a building's performance. 

The algorithm has been used to study time varying parameters by discount
ing old measurements as new measurements arrive. The two applications 
presented, one using a rectangular window and the other using a forgetting 
factor. indicate that this is a feasible way to detect changes in building 
performance . 

The price we pay for the possibility to track time varying parameters is a 
loss of accuracy in the parameter estimates. Under time invariant condi · 
tions. a rectangular window or a forgetting factor yields estimates having 
the property that the accuracy or parameter estimates never increases with 
time whatever the length of the measurement period. 

Of course, one can employ two recursive identifications in parallel I : One 
identification with and the other without a rectangular window or a for 
getting factor. !he former identification may be used for control purposes 
while estimates from the latter identification are the ones used lo de
scribe the building's performance . 

The proposed identif icat ion me t hod or simil ar methods can eas 1ly be incor 
porated into ex is t ing energy ~anag emen t sy stems . lhe ab il ity l o tr ack 
chang ing paramete r values ma kes t he me t ho d a po~e r ful mon iloring l ool . 
Cur rent re search at the Jo int Research Ce ntre ( lspra. l t alyl and at the 
Swed is h Bu i ld ing Research Ins t i tut e !Gaevl e . Sweden> aim at deve loping 
fur t her on - l ine iden ti r ic ation tec hniques 1n the conte xt of energy mon1 · 
toring. 
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F.TUDE DES PERFORMANCES DES COMPTEURS DE CALORIES UTILISES 
SIJR llRS SYSTEMES TIIERMIQUES F'ONCTIONNANT RN llRGIMR VAIHAJJLF. 

M. GSCHWIND 

ECOLE NATIONALE SUPERIEURF. DES MINES DE PARIS 
Ccnl.rr. d'r.n.,rgnliq11c 

11ue C. l>nunmrnc, SOl'lllA ANTIPOLIS 
F. 06565 VAi.BONNE CEl>EX 

1. Introduction 

Dnm• de nombreuses appliceliom;, l'utilis11tion du comple11r de 
calories pour l'enregislremenl des consommalions energeliques sur 
de longucs periodes est. une solution finblo, precise el peu 
coiltou"o. Noanmoin,., r:eA 11p1>11reils Aonl gonornlemonl r:o111;:us, Leste" 
el et8JonneA pour dee regimes de fonctionnemonl qunsi permnnenls. 
Dans le cadre de ces Lrevaux, quc nmJ" mennns en collnbornlinn nvrr 
l'AFMI>, nouA avo11A cntrcpl"iA de Ll:"Lnr difforcnls complmrr" de 
calories efin de micux comprendre leur fonctionnemenl el de mioux 
connailre leurs perfonnnncos en regime variable. Ces cssnis, donl 
Jes result.els Roni. brievement rappeles ci-ap1·es, nous onl permis 
per la suite de simulcr 1u1 grAnd nombrc de situelions 
experimontalement puiA n11mel"iq11omenl, nfin de d1\gng.,r 1rn ccrl.nin 
nomhr., de rccommondntions d'inslnllnlinn cl d'11Lili!ml.ion de ce01 
AppAreils. 

2. Genernliles 

2.1. Principe de Conclionnement 

Le compleur d'encrgie Lhcrmique eHI. un instrument permel.Lant. de 
mesurer la quenlile de chaleur cedee ou absorbee per le fluide 
caloporleur entre deux points d'un circuit de chaleur. Q•rnnd le 
fluide est un liquide, !'influence de le pression est. negligeable. 
On definit. nlors le coefficient calorifique 

h(To) - h(TJ) 

k = e( TJ) • 
T1 - T> 

Oll .('I .. ) !!SL la '""''"" vnlumiQUC du rhridr. ;) In Lcmp!irnlurc Tz " 
lnqur,lle eAL meH11re le dnbil volumiquc du liquide cnloport.e111· Qz. 
L'indice 2 rcpr!\Renlc done In rmrl.i" "frnidc" de l'inRl.nllnlion. 

On definil CE la quantile d'energie mesuree par le compleur de 
calories r.nl.re deux instants 1'1 el T2 

~~ - £:: .~~--- '• ~~J 
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3. Eeeaie realises 

Au cours de cette elude, nous avone realise l'eeeei de troie 
appereile du commerce. Lee ri;eultale traduile ici concernent 
eeeenliellemenl lee cepteure de meeure (eondee de temperature el 
debitmetre) ainei que le compteur de calories complel. 

3.1. Reeullele dee eeeaie eur lee compleure de calories 

Nous evone elmule eur bane le Conclionnemenl d'une inetellelion 
fournieeenl de l'eeu cheude eenitelre el celui d'une inelellelion 
de cheuf'8ge cleseiquo. Lee reeullale doe menuree oblenuee evoc lee 
compteure ont ete compares i\ un compleur de reference prealeblemenl 
elelonne. 

3.1. I. Reeull.sle dee 111eeuroe effeclueee eur l'e au chaude eanilaire 

Lee essaie onl porle sur une inslallelion eimulent un chauffe-eau i\ 
gez inalnntene el eur une inslallelion comportent un cumulus de 
1501.Les resultats obtenue eont reprie dens leB tableaux euivantB : 

Type de 
compteur 

I 

2 

:i 

Type de 
compteur 

I 

2 

:i 

Tableau l 
Simulation cheuffe-eau gez 

Energie Energie Ecert 
compteur rt~el le energie 

kWh kWh ' 
16,5 17,30 +5,04 

33 30 -9,00 

25 23,79 -5,09 

Tableau 2 
Simulelion bellon "cumu\ug" 

Energie F.nergiP- Ecert. 
compteur reel le energi e 

kWh kWh % 

9,9 10,759 +7,911 

lB 19,66 + B, 46 

23 2:1, I fl7 t0,72 

Ecerl 
volume 

' 
+l,02 

-0,BO 

-1,70 

Ecert 
volume 

% 

+2,77 

+2,35 

tO, 16 
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3.1.2. Eseaie realises eur dee inetellelione de chauffage 

Nous avons eimule 3 cae de figure : 

• Cae l : chaudiere 8 feible inerlie fonctionnent sane venne 
voiee (debit constant done l'lnelallelion), 
• Cee 2 : chaudiere 8 feible inerlie munle d'une venne troie 
en sortie, 
• Cea 3 : cheudiere avec stock el venne troie voiee en sortie. 

Lee reeultele oblenue eont reprie dane lee tableaux 3 A 5. 

Cee 1. Chaudle ree A foible ln ertie eene vanne 3 voie e 
Tableau 3 

troie 

voiee 

Type de Energie en kWh Ecert ' llcert ' Ecnrl 
co11pteur compt. reelle energie volume P.R - ES 

2 12 12,69 +5,44 - 2,4 5 VI=251 +2,90 

1 11, 6 11, 606 +0,05 -0,5 VI=ll 0,05% 

3 11 10,76 -2,25 - 2,44 VI=2,5l+l,53 

Cee 2. Chaudieree avec vanne 3 voiee sane elockage 
Tableau 4 

Type de Energie en kWh Ecerl % Ecart % 
compteur compt. reelle energie volume 

2 12 11, 792 -1,76 - 5,50 

I 12 12,423 +3,40 -0,35 

3 12 12,02 +6,42 -2' 15 

Cee 3. Chaudleree eve c v enne 3 voiee et e locke g e 
Tableau 5 

Typ~ rle F.nergie en kWh ~:enr l ' F. c or-1. ' compteur compl. r.Selle energie volume 

2 10 10,90 +A, 2 7 - 0,26 

I 10 10,762 •7 , OB • 0, llO 

3 12 13,26 +9, 5 -- 3. 53 

Ecert 
ER - ES 

VI=251 12,0 

VI=ll -0,28 

VI=2,51 0,86 

P. r. n 1 I 
F. 11 - ES 

Vl=25l ~ 15 

v J = ll IO , 2'1 

Vl =2,5l ~o, 111 

llomur11uo : Lo complour 2 II ril.1\ l.nHln nvnr: 1111 n1111d.l.11111· rl 'itnpll"·don 1\ 
2,5 i 111; liou de 25 I dn fo-,rm D rnr:cnurcii· In durno dnR 
menipulationa. 
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3.1.3. Conclusion eur lee eeeaie realises 

Dene la pluparl d e e C!lB le e c ompl.eure d e calorie s onl lendance a 
eoue eelime r le veleur d e l'energie ree lleme nl me euree. 
En ce qui concerne l'eeu chsude eanitsire l'erreur e nregielree p eul 
etloindre. ± !OX e l +61! pour lee r6eeeux de cheu(fsge. ll lnfluence 
de J'inertie du sye l e me eemble lr ol> s importa.nle en r e gard du mod e 
d ' ulllieslion. Ce poinl 11 ele 6 nouvesu verifie lore de8 
eimul.alione lnformeliquee quo noue avone meneee. 

4. Simulations 

Afin de compleler lee reeullsle oblenue expe rimenlalemenl nous 
evone enlrf'Jprli1 de eimuler le comporlemenl d'u.n compleur de 
calories inelelle eur un cepleur eol11ire el eur un ballon d'eeu 
cheude eenilaire. Noue svone uUliee un modele dyn11mique i\ deux 
lemperaluree : /1/ 

[ 

m llu l ht 
llt + ; ~ = ~p 
llu 

.(v - u) 

K. i\ ] . v 
M' .C ' p 

r hf., 

lM' .C'p 
liv h['. K.i\ 

. u + ---- . r -
M' .C'p M' .C'p 

+ ..--
lit 

4.1. Simulation d ' une inelallalion e • 

Troie paremMree onl ele etudiee : 
- l'epeieaeur dee canalieelione el done I'inerlie dee lubes 
- le longueur de cee caneliealione 
- la taille du champ de cepleura. 
En ce qui concerne l'epeieeeur dee canalieelione, l'erreur augmenle 
loreque J'inerlie propre du lube diminue. Ceci a'explique par le 
presence de fronle lhermiquee plus reidee el par une eugmenlelion 
dee perlee lhermiquee. 

Lee lebleaux 6 el 7 reprennenl lee reeullsle oblenue Joreque l'on 
augmenle La longueur des lubes e l La l.a ille du c ha mp de c epleure. 
DenR ce dornier cee, noue avone meinle n u u n r apport Mf.C I K.ACA 
conelsnl. Lee erreure conelaleeR eugme nlenl loule o d ene le m6me 
sens quo le laille dee compoeente. Gec i eel lie !) le p r e aonce de 
d8phaeagoo imporlenle enlro lee fro nle lhe rmiquos qui ne eonl p oll 
prie en comple per lee comploure d e c olo riee e c lue ls. 

On nol.o : 

F.nerKie Reell e - Affichege compteur 

E 
100 x RnerKie Reelle 
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Tableau 6 Tableau 7 

LT = 5m ; ACi\ = 2m2 
DCONS =2,77 . Io - s •3/s 

LT = !Om ; Mf.C I K.ACi\ 

ACA DCONS E 
LT fl 92 10s m3 /e % 
(•) % 

4 5,55 0,37 
10 7, I B 11, 11 1, 21 
15 9,2 16 22,22 1, 46 
20 23,2 32 44,44 2,Bl 

64 BB,BB 5,BB 

VI = 251 ; t:e = 30e ; t:t = 35e 

Influence du lempe de reponeo deo eondeo el du volume V 

ACA : 2m2 ; LT : }Om ; OCONS = 2,77.10-8 m•/e 

Teblnnu II 

t:O Tl ll (%) " (%) 
B 8 VI = 25 l VI = 2,51 

30 35 7. 10 0,36 % 
10 15 12,09 0,17 % 

5 7 14,01 0,5 % 

Cte 

On voil ici clairomenl quo le lempR de roponse dos cnpleure de 
lempereture n'e que peu d'influenco. Per conlre, le volume VI qui 
determine la frequence a lequelle le complcur effeclue le produil 
Vlx.T a une influence tree imporlenle. 

4.2. Simulalion d'une inelellelion sur l'enu chaudo eanilsire 

Le compleur de celorieo 
d'eeu cheude sanilelre. 
froid event le bellon de 
sortie du bellon eur le 
type e ele elabli d'epreo 

esl piece aux exlremilee d'une inslellalion 
La eonde froido oal monlce eur lo rAeeeu 
olockego, In 11onde cheudo eel inel>Jll6e on 
reoeeu uliliseleur. !Jn profil de aoulirage 
dee donneee recueilliee en /3/. 

4.2. I. L'!!llJ_~ce_~~fil ~!!..<?!!!it:!'.lH! 

Doe aimulalione onl ele effocluooR ii pnrlir d'un profil normal, 
d'1111 profil pour loquol In dur"o dos imp11l11io11R n Ho rnd11it.n ''" 
501!, el dos profil11 comporlnnl 11110 1111cc:m•eio11 dn •m11li1·nl(o11 ii 
1331/h nl 450 J/h d'uno duroe vnrinnl ont.re 20 ol 120 a. l.'oneritin 
utile oat celculoe on oorlie du rosoau ulilisnlour. 
Le tnblonu n· 9 reprend C:BR re1111llnl11. 

-
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4.3. Influence de la position dee eondes 

Lee eondee eonl repereee par une distance en m, 0 elant J'entree du 
reseau froid d'une longueur tolale de 10 m ou du reeeau · cheud d'une 
longueur de 30 m. Le Tableau 10 reprend lee reeultats obtenus. 

Tableau 9 Tableau 10 

Profil B mes EMR EMU 
kWh % - ._ % -

normel 30,332 -3,18 + 1 
Position 
sondes 111 

fr . ch . 

reduit 24,705 - 1,85 + 3 
0 0 

'1501/h 
(120e) 77,970 -1,96 + 0,17 

(54e) 33,179 -1,97 + 2,9 

(29e) 16,849 -2,8 + 6,2 

10 0 

0 30 

1331/h 
(60e) 8, 1311 - 2,7 113,9 

{ 20s) I , 218 -3,5 +54. 6 

10 30 

5 15 

EMR : Ecarl energie mesuree I energie reelle 
EMU : Ecarl energie meeuree I energie utile 

E mes 
en EMU 
kWh % 

33,866 +12,8 

33,724 +12,3 

30,176 +0,52 

30,021 0 

32,004 16,6 

4.4. Influence du nombre d'impuleions/lilre delivre par le compteur 

d'eau 

On peu l cone l.oler quo l' inrluence de ce parametre pou r un co mpleur 
r eel eel tre e feibl e d a ns los circone lances de celle s imula tion. Par 
conlre , ii e s t a no t e r que la d ureo de la simulalion d o ll e tre p)u e 
gra n do dana le ces oil Vt : IOI quo dane le cae oil Vt = ti , ceoi e rin 
d e limite r le bruit gO.nor P. por l'incrementalion dieor ele d e 
l' e nerg lo mes u r ee. (c f Ta b leau l l). 

VI F. mes E reel le E utile F.cert % Ecart % 

kWh kWh kWh mes/rl!elle meR/utile 

1 52,037 52,299 50,009 + 0,5 - 4,1 

10 33,724 33,723 30,021 .. 0,81 - 3,7 

Tableau 11 : Influence du volume d'impuleione eur un comptour reel 
Sequence de 5 joure 

4.5. Influence do l'inerlio dee eonQ<l_!l~~!'lure 

Le compteur d'ca u 61.an l cor1Bid6 r n s Bns e rrour, lo ll\l b lonu r opron d 
les r esullalfl o b le nU !I pour p lu MieurR Lempe d e reponso dos sondoe do 
rneeure. On conel.alo q uo l' ec.arl C'l nrogislr6 pas s e de l it 4% lo r11q u fl 
le lempe de repomm 0 In mon lnn d e In Rondo posse d e .10 ii 60R , lo 
le rnpR do ropon110 B lr> dcs r.onln (i t.on l praliquomen l 68nS infl uence 
commn •:oln •Hui t prev isihln JXJUr 1:.: type rl'ulilisalion. 
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1' 1' Energie Bnergie Energie 
montee dee - mesuree reel le reelle 

cente utile 
(e) ( B) kWh kWh kWh 

10 10 31,160 31,389 30,021 

60 60 30, 017 31,389 30,021 

60 10 30,133 31,389 30,021 

10 60 31,043 31,389 30,021 

Cepteur reel 51,442 52,299 50,009 . 
Tableau 12 : Influence de l'inertie dee eondes 

(Debllmetre parfait) 

Bea rt 
mes/ 
reelle 

% 

+ 0,7 

.. 4,3 

+ ., '0 

.. l , 1 

.. 1,64 

4.6 . . lrif!un_f!C:~ ... . ~.~'LE~.r.~~-l.6J:i_s_t_iquns d1~ compte_ur. d'.m111 

Ecert 
mes/ 
utile 

% 

- 3 ,8 

0 

- 0,37 

- 3,4 

- 2,86 

Noue avons vu precedemment que l'on pouveil caracleriser l'erreur 
de meeure commiee par un compleur d'eau per deux coefficients e et 
b el M le nombre d'impulsione per litre d'eau ecoule. 

E = aM + b (X) 

Dane ces conditions, nous evone tente de determiner )'influence de 
a et de b. 

E mes E reelle ll reel le Ecert :t Ecert % 
8 b kWh kWh utile mes/ aes / 

llreelle Eutile 

2 0 31,527 31,389 30,021 - 0,44 - 5,02 

8 0 31,778 31,389 30,021 - I, 24 - 5,85 

8 ., 32,937 31,389 30,021 - ., '93 - 9 ,71 

Capt. 
reel Vl=lOl 52,789 52,299 50,009 - 0,94 - 5,6 

Tableau 13 : Influence de l'erreur du meeureur de volume 
(Sondee perfailee) 

L'erreur dynemique eel 
eppereit quo !'influence 
rapport it a, une bonne 
eurlout it foible debit 
fonclionnomenl. 

liee it a et l'erreur slalique it b. II 
de b Bel nollemenl pr6ponderanle por 

precision du compleur en regime permenenl el 
reele indispensable meme pour co type de 


