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Experimental and Analytical Evaluation of VA V Air-Conditioning 
System in An Office Building 

Abstract 

Shengwei Wang and John Burnett 

Department of Building Services Engineering 
The Hong Kong Polytechnic University, Hong Kong 

The flow-pressure characteristics of the AHU/VAV air-conditioning system in an open-plan 
office building is assessed by site experiments under various conditions. The effects of VA V 
supply pressure setting, return fan pressure setting and damper operation on energy 
consumption, fresh air intake and ex-infiltration flow rate are evaluated analytically on the 
basis of the VA V/ A.HU system and component characteristics. 

Introduction 

Energy and health are the main issues concerned in buildings recently besides comfort. Proper 
operation or control of the air-conditioning system is essential to maintain a comfort and 
healthy environment with minimum energy input besides the system design and efficiency of 
components. Concerning operation and control of a air system, the energy consumption 
associated to air-conditioning in a building is affected by the air flow rate, fan pressure settings, 
fresh air intake and infiltration. The amount of fresh air intake is one the main factors 
determining the health of indoor environment or indoor air quality. 

The use of VA V system provides significant energy saving in partial load by reducing the air 
flow rate supplied to the occupied zones. However, the conventional VA V system control 
reduces the supply air flow rate by increasing the flow resistance while keeping constant A.HU 
fan supply static pressure. An even more energy efficient operation for reducing VA V system 
supply air flow rate intends to keep minimum flow resistance of VA V dampers (i.e. keep VA V 
dampers fully open) [l,2,3]. In this case, the AHU fan supply pressure needs to be reduced 
until it is just high enough and not more than enough for those critical zones, concerning the 
fact that the load is not evenly distributed in practice. 

The fresh air intake often gives contrary effects on the energy and health issues except the 
cases when free cooling is applicable or partially applicable [ 4,5]. Normally, more fresh intake 
provides better indoor air quality but also increases the cooling load of the cooling coils. To 
properly balance the effects of fresh air intake on energy and health, the use of economizer (or 
enthalpy control) should be combined with low limit of fresh air intake or demanded 
ventilation [ 6, 7]. 

In order to evaluate the potentials of energy saving by resetting supply fan and return fan 
pressures and the controllability of fresh intake, site experiments and analytical tests are 
conducted prior to upgrading the air system control from pneumatic controllers to integrated 
DDC in the building. It also presents the possibility of using the existing fire damper to 
increase the fresh air intake, the possibility of controlling the fresh air ratio by resetting the 
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return fan outlet pressure on the existing A/C system and the effect of pressure drop across the 
filter on the energy coq.spmpti<;-t:q. ,,_ . 1, , , , 

Air System and Experiments 

The building is 46 stories office building ~i;th ~ ~ttlh°m at tiiJ1 cient~r of'~l~e (tfbor~. nie'~floor 
under investigation is an open plan of,fice of about 2300 square meters usable, .floor area. Two 
central air handling· units (AIDJi ser\J~ · thlfloor. Each of them serves"half 8:f th~' floor. One 
AHU consists of a VAV system Ji1p 1a A system which serves the"peµhieter 1 ~d11es only. 
There are about 40 v Av darrfper "~nd ove(foo air' ' diffusers' a~odi~ted. 'witti1 ciil.~ 1 A}nf The 
de~ign air flow rates of the : \/.J\:V sy~tefil' ~d ., J\v '&Ystebi are '6 .. m3/s 1.ind ' ' 11.4 

1
m3/s 

) . l Tl ''d .. VA'r,. I 11 f:'-' ~ 1t ' h ·1' 1'i' ":f f I\ .. , • l (
0 

I L ! i l' tw respective y. 1e ystgn v ·supp y an press rv a t e oca 1on o pressure sensqr aoo c o 
third of main duct 'length'

1
frohi :AHU)' is 650 Pa. Both 1tbb VA ' 1

a pply fan 'and ' the1retu&-' fan 
" are variable pitch atigie:t~iis. The~e are no da 11pe 'mode~ifing )acttiatot~
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o'l:i llib e:X'i:stllig air 
handling imits. A sch~diafics:8fthe1 JAHU and the loeatioris ·6~pte~sw·e measufonient are sh.~wn 
. p· 1 ,, i,• m 1gure- . 

The supply flow rate, return flow rate, and fresh air flow rate and the pressure drops across the 
dampers, filter, coil, air ducts and VA V dampers are measured under various flow rates by 
manually changing the supply and return fan pitch angle. The flow resi~ Lan1,;e of VA V dampers 
at "regular" operation C(?nditions is•monitored/ Thie•flow r~sistanc£~f VAV dampers at damper 
fully open position and minimum position are tested by manual control- of existing pneumatic 
controllers. The fan performance curves from manufacturer's catalogue are verified with a few 
site tests and used in the analytical evaluation. 

The evaluation of the system perf~rmance under various operating conditions was performed 
by simulating the A/C system controlled by DDC. Simulation is performed using TRNSYS (A 
Transient System Simulation Program)· as the platform using the models developed to 
representing the pressure-flow characteristics and energy performance of components, flow
pressure balance of air-conditioning system and operation. of !)DC. In the test cases, one PID 
controller controls the AHU supply; static pressure by regulating the VA V supply fan pitch 
angle, and the return fan outlet 'pressure is controlled by another PID controller. The 
corresponding office area is divided into eight zones. One VA V terminal from each zone is 
selected and- .a:pntrolled ,by, i;1f Blfil ;contrnlilen to represent the VA v, terminals .in thei zone. The air 
flow of an entire floor area is obtained by multiplying the flow rates of the selected VA V 
terminal by suitable factors. 
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Figure-1 Schematics of AHU and pressure ·ri1~asurei:ilent points 
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Fig~~e-3a, shows the flow-presslll:Y, ;-91h~:~.~~m;t~~~~~ w?,en y 1\Y;.dampers ar~ in "regular operation 
positions' and all VAV dampers are fully open. 'it can be seen that the pressure drop in "regular 
cases" is significantly h'igher than that in case when VA V dampers are fully open in order to 
supply same amount of air flow. Figure-3b shows the pressure drop on a VAV damper 
(including diffusers) at two different positions (fully open and minimmy) at different total 
VAV supply flow rate, while the other VAV dampers are fully open. It can.be seen that a main 
proportion of the pressure drop is on the dampers. When the damper ,_position changes, the 
pressure drop changes significantly. Figure::Aa&4b show the flow-pressure characteristics of 
CA V supply ait ductwork and return air ductwork. 

Figure-5a&5bcshow tlie flow-pressur~'9f1,aracftei;istits"of VAV and CAV filters and coils. It can 
be observed that the pressure on the filter contributes the major part. It can be also found by 
comptllring !Figurec.5 with Figure-3 that filters ·contribute significant1pr~porti:on .to. the required 
fan delivery head. 
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Analytical Evaluation 

Effects of Static Pressure Reset 

Tests on pressure anci energy performances at various flow rates are performed in three cases, 
i.e. fixed set-point of 650 Pa, optimal static pressure reset with even cooling load distribution 
(cooling load is evenly distributed among the VA V terminals in term of capacity), and optimal 
static pressure reset with 2'0% uneven cooling load distribution (maxim.um cooling load is 20% 
higher than the average load of the V AV terminals in term of capacity). The optimal reset 
means that the static pressure set-point is. just. sufficient for the VA V terminal for maximum 
cooling load to provide sufficient air flow when it is fully open. 

Figure-6a shows the required VAV'static 'pressure set-points when the cooling load is evenly 
distributed and when f\le maximum load is 20% higher than the average load. It can be seen 
that the require'd'pre~stlre' set-point dn be significcilitly fass than th~ constant set-point of 650 
Pa in cases when the demanded flow rate is low. When the cooling load is evenly distributed 
among VAV terminals, the minimum static pressure set-point is significantly lower than that of 
the uneven distribution case. 

']1if, 

Figure-6b shows the comparison of energy consumption (instantanebus power of the fans is 
used) and energy savihg in comparison with constant static:f,ressure·set-point (650 Pa) when 
the maximum cooling ~f YA V terminal is 20% higher than the average load. One to two 

. ' 

kilowatts (10% to 20%) _energy. can be saved in the case of low parti~I load. Figure-6c shows 
the comparison of ener~y 'co_nsU:mption and energy saving in comparison with constant static 
pressure set-point (650 Pa) whe:p. the.,load is evenly distributed among the VAV terminals. 
Around two kilow:atts ·(20% to 25o/o) energy can be saved in the most of the cases. Figure-6d 
shows a comparis6tf..on)a~ing f~ optimal sfatkpressure set-point reset in two different load 
distribution cases. The difference 1s ·around· 3.to.9%:~"The .. djfference• is significant at high flow 

; : . - - . . ...... ·~----- .. ·----. u 
rate, since notjceable s.aving can be achi~ved only when the load is, evenly distributed in this 
case. 
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F£fects of Return Fan Outlet Pressure and Fire Damper on Fresh Afr Ratio 

Tests were performed at various return fan outlet pressure set-points and at different VAY 
supply flow rates, both when the fire damper was closed ~a when the fire damper was open. 
Figure-7 a shows the effects of return fan outlet pressure -on the fresh air ratio at various VA V 
flow rates, when the fire damper is closed. It is .observed that around 14% of fresh air is 
provided when the return fan outlet pressure is_ zero. When the pressure increases, the fresh air 
ratio drops. When the pressure reaches certain level, no fresh air can be provided to the 
building. For instance, the fresh air ratio is close to -zero if the pressur~,reaches 70 Pa when the 
VAY supply air flow rate is 3.5 m3/s. If the VAY flow rate is higher, this upper limit is higher. 

Figure-7b shows the effects of return fan outlet pressure on the fresh air ratio at various VA V 
flow rates when the fire damper is open. '1t'is observed that around 38% of fresh air can 
provided when the return fan outlet pressute is zer(f.'. Wheh the:pressure increases, the fresh air 
ratio drops. When the pressure reaches.certain ieve1;. no more fresh air can be provided to the 
building. The upper limit of pressure for zero fresh ratio is nearly the same as that when the fire 
damper is closed. 
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1 Figure-8 shows· 'the effect' of the 'returri' 1fan outlet pressure mf the fan energy consumption at 

Mo V'A.V 'air 'flow rates. The return fan corisu~ptfon 1increasBs when::·the/ outlet pressure set
point increases, both when the fire damper is open and when the fire damper is closed. The 
increase is more significant when the fire damper is open. five to ten kilowatts of the return fan 
consumption changes ~e observed at certain VA V supply flow rate in the test range, when the 

Ir," . 
return fan outlet pressure mcreases. .. . · · 

The return fan energy consumption also decreases when the fire damper is turned from closed 
position to open position. The saving is significant when the pressure is not high. This 
difference disappears when the pressure increases to certain level. the maximum return fan 
energy saving from opening the fire damper is in the range between 3 and 5 kilowatts. 

This shows that the fresh air ratio can be increased both by opening the fire damper and by 
controlling the retutlJ. fan· outlet pressure. Both·methods do not caus~ extra fan consumption, 
but even reduce'teturn fan consumption. If the outdoor enthalpy is lower than that of the return 
air, the use of more fresh air (free, cooling) canfeduce' cooling coil load and save return fan 
energy. 

c•, - ; .. , tt i•r f1 " . 
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Effects of Return Fan Outlet Pressure and'Flre Damper on E::ifUtration Rate 

The exfitrati'0l1 rate is al&n1h important· fact of which we should be a:ware. · Figure-9 shows the 
exfiltration flow rate, which is actually the difference of the supply (including VA V and CA V) 
air flow rate and return air flow rate. 

It can be seen that the exfiltration rate reduces when tlie··retutn :t'an:,o'tidet'pressure 'increases. 
The upper limit of return fan outlet pressure for preventing infiltration varies from 63 Pa to 140 
Pa wherr thie V A:Vfldw,rate increase :from' '3. 5 td 6 'tn3 Is' with frre damper open.: 'Fheo upper! llmit 
vaci:1es:_;from 60-•Pa'.to· :120 P:a:iwhen the N AV. .flow rate increas~ ftomi,3;5 •to· 6' rrP/s :with: fire 

To ensure positive exfiltration (positive building pressure), the return fan outlet pressure set
' 1 !point. shouhihmt1 :be ito01higlY. ,®rt ithe othet-h!and,r:on~: should·h~ aw~re 'of1 th'.6 'effects that' might 

C[ i be• o:;uased• by: ·a; high exfiltrati6J:fifate .. ::As' high freSh aifl lfltake· :(free 1C6o1ing) i~ iberi.efiCiahri iteffil 
.. ':''of energy, fo·winti3rseaS<'.m: irt· H'0ng;Kong1 ! b:tie· hlay'{Jxp'ect thei tleriiarideQI Y.A:.V~'aii' flow-l:'ate to 
LJ; be ar6und:;3·.5'.1to. :4 m~fis when• irnpfoitlentiil:gi :~·e'ieooli'rtg.:·:Whert'lhe lfire\fafilpe'r :fs· open~· the 

exfiltration rate can reach 2 kg/s in winter situation. When tlie' fire' idarrtper 1 asr!closed~ :·the 



exfiltration rate can reach up to 0.8 kg/s. A too high exfiltration in building might cause strong 
air flow at the entranc.e of the building. · 
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Therefore, attention should be paid on the influence of filter flow resistance on .. energy 
consumption. 
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Concerning energy efyGiimcy, Hie filt€::r, shm1Jd Qe•i;ep]aped feg.qlc,irly;J9 ~ ,111aip;t~in lo~ pt~ssure 
drop across it. The fy~quency of.reph1-~em~~ i:l).;;SUlP,Wer,;Shoulcl b~J1jgh~r than tpat in., winter, 
since, .the effect at high.air flmy rate _is.wore ,~igrijfjcan~ than thati;it lpiW a;if flow.!'.at~. 

(I\ . 1•:'..i 

I l ' •t, •-~ :J f ) I 

24 

22 

20 

. f 

.. 
' ,' '; ~I (J ~ 

t'; :c··-· 
"!Iii( . 

·11 • -·' ·i 

~ 18 . 

;- 16 
.. L 
~ 14 

I 

.... 
'I 1 

.-i 

I 

• I 
ll 111 

.. 
(, 

JI 
I . ·' 

.,. 
f 1 J1" 

0 

· I' ·: :; . I ~~. ; I 

" u 12 

10 

6 

6 

3.5 

)J 

\ ' 16 
., 
•I 

14 

'· ), 

12 

' I fl'. § ·10' ... 
.. 11'r1 ·~ · .. 8 

"' Gil .. 
~ 6, 

1:< · ~r: .J 

4 

I, 2 

'' "I , l 

4 

. ' 

: 1 I / 1)·· •• 

4 .5 5 
Air Flow Ra le (m3/s) 

... , ! ' 

5.5 

. ' 
•• ~· .. ~· ·~)_" __ !~·:_· '•.! ~.l 

• .. 10b ''·' 
" . 

"' 
~ : ; l O\ ;r.:~ . i. •; . " 

..... • 10% Reduction 

•• - 20% Reduction 

11 c ,. · .;...~- 30%'Reduction 

jy_. ' --'7~D o/,o' &duq\ion 

" / , . 

3.5 4 4.5 

6 

i,?. ..J If• 

f\ I ) ·; f J \ 

/. l. :·1 

. " 

t'•fl iu \ -.. , ~J·. J :; t•: i,-~)l r~ : J '. ~·: l :1' .. ,t.1J;~lo1 r~~te. (~J/s)~--~ 1. ; ~ ;i') 1)11/ .. :~ \: u ~~ , ! ~ 1 1;~\ 

Figure-Io Effect of fil~e/pr~ssrtf~ a~dp oil' VA.~./ faH.;eii~r~Y c8fi.'~ilifi~it16'n~ 

Discussion and Conclusions 

:·I 

11..;,.,• 

f 
\ 

Significant energy saving (reducing fan consumption and cooling coil load) can be achieved by 
proper settings of the A/C system and implementing integrated DDC control, without 
significant modification on the mechanic system. 

Enthalpy control can be applied to the existing A/C system when it is beneficial. Fresh air 
intake can be increased by opening the existing fire damper and reducing the return fan outlet 
pressure set-point. The cooling load of the coil can be reduced and the energy consumption of 
the return fan can be also reduced. Positive pressure (positive exfiltration) and adequate fresh 
air intake can be also ensured for air quality issues. But a too high exfiltration flow rate might 
affect the air distribution and air balance of the building envelope. 
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:. 111 Strpply; fan stati~' presstlte I set J.'pointi di:rf l)e! sigriificantiy reduced jtf phl-tia'.l ·load to save supply 
i fan' eiiergy. Supply air'should bt:r'evenly dist!fib~.mxr.·ffiiitmg ifoads to maximl.ze the possibility of 
resetting·(~:e. reduc'ing) AHU supply t>tes~\ire!to achieve'-high'·energy dfficiency and erisure that 
the entire office area is provided with sufficient cooling in the mean time. The upgrading of 
integrated DDC VA V terminal control will be beneficial both in providing an even distributed 
air supply, optimal reset of fan static pressure and necessary indoor air quality. 
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