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Abstract

Stratum ventilation can energy efficiently provigleod inhaled indoor air quality with
a proper operation (e.g., fresh outdoor air rattdpwever, the non-uniform GO
distribution in a stratum-ventilated room challesdke provision of targeted indoor
air quality. This study proposes an optimization tbe fresh outdoor air ratio of
stratum ventilation for both the targeted indoorciality and maximal energy saving.
A model of CQ concentration in the breathing zone is developeadupling CQ
removal efficiency in the breathing zone and massservation laws. With the
developed model, the ventilation parameters coomdipg to different fresh outdoor
air ratios are quantified to achieve the targetetbor air quality (i.e., targeted GO
concentration in the breathing zone). Using theshreoutdoor air ratios and
corresponding ventilation parameters as inputsiggneerformance evaluations of the
air conditioning system are conducted by buildingergy simulations. The fresh

outdoor air ratio with the minimal energy consuraptis determined as the optimal
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one. Experiments show that the mean absolute efrtire developed model of GO
concentration in the breathing zone is 1.9%. THec#afeness of the proposed
optimization is demonstrated using TRNSYS thatehergy consumption of the air
conditioning system with stratum ventilation is uedd by 6.4% while achieving the
targeted indoor air quality. The proposed optimaratis also promising for other

ventilation modes for targeted indoor air qualibdamproved energy efficiency.

Keywords: Fresh outdoor air ratio; Targeted indoor air gyalEnergy saving; C®

removal efficiency; Stratum ventilation

Nomenclature
a, b, ¢ constant coefficients Q. rated chiller capacity (kW)

ACH air changes per hour Qg  room cooling load (kW)

specific heat capacity of air /
p (1.004 kJ/(kgC)) Qar

Ce exit CO, concentration (ppm) Qf proposed fresh airflow rate (ACH)

chiller cooling load (kW)

outdoor CQconcentration

Co (400 ppm) Q. conventional fresh airflow rate (ACH)
. ;:OC;Ze E:F;Jpnr:l()entration in breathing r capacity ratio

Cs supply CQ concentration (ppm) T, CORP ratio

cop coefficient of performance (5) Te exit air temperature’C)

EC total energy consumption (kJ/hr) Ticw  inlet cooling water temperaturéQ)
EC.p; chiller energy consumption (kJ/hr)  T,., outlet chilled water temperaturtQ)
ECrqn  fan energy consumption (kJ/hr) T, room air temperaturéC)

ECyump pump energy consumption (kJ/hr) Ty supply air temperaturéQ)

FFLP  fraction of full load power 14 room volume ()

G CO, generation rate (1fs) Nran fan efficiency (70%)

k number of room occupants Npump PUMp efficiency (60%)

j jith case pair  air density (1.2 kg/f

Myq  Water flow rate (kg/s) pco, CO,gas density (kg/f

MAE mean absolute error (%) pwae  Water density (1000 kg/n

n number of cases Ah head of water flow (m)



N supply airflow rate (ACH) AP,;, total pressure (Pa)
PLR part load ratio y fresh outdoor air ratio (%)
PMV Predicted Mean Vote . CO, removal efficiency in breathing

Zzone

1. Introduction

Modern people spend most of their time (80%-90%inichoor environments [1,
2]. Indoor air quality significantly affects occupas’ health and productivity
[3, 4]. For quality indoor air, the fresh outdoar & conditioned and supplied
into the indoor environment by the air conditionisgstem, so that the indoor
air pollutants can be diluted. However, conditiagnithe fresh outdoor air
consumes more energy when its enthalpy is highan tthat of indoor air,

particularly in subtropical/tropical and humid regs [5-7]. Besides indoor air
guality, improving the energy efficiency of the @ionditioning system is also
a common concern, since the air conditioning systaatounts for the

significant part (around 50%) of the building emgrgonsumption [8, 9].

Taking into consideration both indoor air qualitydaenergy efficiency of the
air conditioning system, a part of the indoor airécirculated in practice. The
recirculated indoor air and fresh outdoor air comsé the air supplied into the
indoor environment. The airflow rate of the fresttadoor air is required to
satisfy indoor air quality, and the total air sugpWhich determines the air
movement, to the indoor environment is requiredmneet the requirement of
thermal comfort [10-12]. The ratio of the fresh dabr airflow rate to the total
supply airflow rate is defined as the fresh outdawrratio [13, 14]. Intuitively,

increasing the fresh outdoor air ratio might impeawe indoor air quality but
deteriorate the system energy efficiency. Thus, thesh outdoor air ratio

needs to be optimized to provide satisfactory indaio quality and minimize

the energy consumption of the air conditioning systsimultaneously.

The air conditioning system with stratum ventilatican energy efficiently
create a health and thermally comfortable indoovimmment [15-18]. It
horizontally supplies conditioned air into the bitedag zone, thereby resulting

in lower concentration of air pollutants in the atlkeing zone than that of
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mixing ventilation [19, 20]. The air distributionaptern of stratum ventilation
is a “sandwich”, with the lowest air temperaturedahe highest air velocity at
the head level [21, 22]. The head is the most $mmsipart of the body
regarding thermal comfort, so that stratum venioiatcan efficiently cool the
body and provide thermal comfort [23]. Stratum \vkation has been
experimentally verified to provide a uniformly coarfable thermal
environment for a group of occupants [17]. Air mowent is preferred at
thermally neutral and slightly warm thermal envinoents [22], and is
recommended to be not greater than 0.8 m/s [24thWatisfactory indoor air
guality and thermal comfort, stratum ventilatiomaaduce the annual energy
consumption of the air conditioning system by aase 37.7% as compared
with  mixing ventilation [25]. Stratum ventilation si designed for
small-to-medium sized rooms [24], and has been erpmntally confirmed to
be able to provide a uniform thermal environment é@cupants in multiple
rows [17, 26, 27].

To achieve high performance in practice, stratumtNation is required to be
carefully operated [16, 22]. However, few existiatudies on the operation
optimization of stratum ventilation are availabl25] 28]. Zhang et al. [12]
proposed an operation optimization of the supplytamperature and supply
airflow rate for stratum ventilation to achieve ttergeted thermal condition
and save energy. For this operation optimizatitwe, fresh outdoor air ratio is
determined to introduce a constant amount of tesHroutdoor air according
to the minimal requirement of ASHRAE Standard 65,[29]. ASHRAE

Standard 62 stipulates the minimal fresh outdooflaw rate of 10 L/s per
person to account for both human bio-effluents andtaminants related to
building materials and furnishings [11, 25 30]. Hower, there are no
justifications for the stipulated minimal amount tie fresh outdoor air
whether it is adequate for indoor air quality [3Hn appropriate operation
with a variable amount of the fresh outdoor air gm@nerally provide more
energy efficient indoor air quality compared withat of the constant fresh
outdoor air. The appropriate operation with a valaamount of the fresh
outdoor air has been reported to save energy upOh by the studies on

different air conditioning systems under differenttdoor weather conditions
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[31, 32]. Thus, the operation optimization on tlresh outdoor air ratio of
stratum ventilation is needed for energy efficienapprovement while

providing satisfactory indoor air quality.

Quantifying the fresh outdoor air ratio based omdad-controlled ventilation
is getting more and more attentions from reseacherd policymakers for
both indoor air quality and energy saving [31]. Derd-controlled ventilation
adjusts the fresh outdoor air ratio as a responstheé indoor pollutant load
[33, 34]. The indoor pollutant load is indicated blye concentration of a
pre-defined surrogate of indoor air quality, e @Q., humidity and radon [35,
36]. The demand-controlled ventilation methods ess#ly control the fresh
outdoor airflow rate to achieve the targeted ind@®, concentration when
CO; is used as the surrogate of indoor air quality,[38]. CQ is a widely
used surrogate of indoor air quality [32, 39]. Adtlgh indoor CQ
concentration can be up to 10,000 ppm without sevieealth damage on
occupants, a high indoor GQoncentration indicates that the fresh airflow
rate is inadequate to dilute indoor pollutants [39]. For acceptable indoor
air quality, indoor CQ@ concentration can be below 1000 ppm or 650 ppm
above that of outdoor air [40, 41].

The accurate measurement/prediction of indoos €@centration is the core of the
demand-controlled ventilation [34, 42]. Based oa tirethods of obtaining the indoor
CO, concentration, demand-controlled ventilation isssiied into sensor-based and
model-based types [31, 43]. However, the non-umifalistribution of indoor C®
under stratum ventilation challenges both typethefdemand-controlled ventilation
[44]. Experiments showed that under stratum verdgita the ratio of CQ
concentration difference between the exit air anppl/ air to that between air in
breathing zone and supply air could reach 1.76,icatthg a substantial
non-uniformity of indoor C@ distribution [45]. The C® concentration in the
breathing zone is most critical to the inhaled aurality. However, the existing
model-based demand-controlled ventilation is dgwedofor an indoor environment
with a uniform indoor C@ distribution, and cannot accurately predict the
non-uniform indoor C@ distribution under stratum ventilation [46]. Asrasult,
implementing the existing model-based demand-ctettoventilation for stratum

5



ventilation would fail to maintain the targeted £€bncentration in the breathing
zone thereby deteriorating the inhaled air quald#y]. For the sensor-based
demand-controlled ventilation, the non-uniform disition of indoor CQ requires
multiple sensors to be installed in the breathimmpez The multiple-sensors in
breathing zone firstly increase the initial costl mperation complexity, and secondly
obstruct the space use of the occupants [48]. iPatlgt the non-uniform distribution
of the indoor CQ@ concentration is commonly encountered under dfferentilation
modes, e.g., mixing ventilation, displacement Jetiin and task/ambient air
conditioning system [49-52]. Since the existing dendhcontrolled ventilation
methods ignore the non-uniformity of indoor £&ncentration distribution, the field
tests in school and office buildings have repotted the existing demand-controlled
ventilation methods failed to provide the targeitedoor air quality [47]. Moreover,
the existing demand-controlled ventilation methbdsvest the energy saving mainly
from the variation of the number of occupants [3B]. When the number of
occupants decreases, the fresh outdoor airflowaatebe decreased to save energy
[53, 54]. However, when the number of occupantixed, by properly determining
the supply air parameters, the indoor air distrdsuhas potential to be improved to
more energy-efficiently provide indoor air qualiig5, 47, 51]. Since the existing
demand-controlled ventilation methods ignore theat$ of supply air parameters on
the indoor air distribution, they are unable totoag the associated energy saving.

This study proposes an optimization of the freshdoor air ratio for stratum
ventilation to minimize the energy consumption loé tair conditioning system
and to achieve the targeted indoor air quality.(itargeted C@concentration
in the breathing zone) simultaneously. The proposptimization belongs to
the model-based demand-controlled ventilation categCQO, is used as the
surrogate of indoor air quality. A model of @@oncentration in breathing
zone is developed and experimentally validated. ph@posed optimization
will be elaborated in Section 2, and its effectiess will be demonstrated in
Section 3. By accounting for the non-uniform distriion of indoor CQ

concentration, the proposed method mainly has twlwaatages over the
exiting demand-controlled ventilation methods. Hysthe proposed method
can control the C®concentration in the breathing zone at the tajet®lue

using the developed model, while the existing dedheantrolled ventilation
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methods would fail to fulfill the targeted GQ@oncentration in the breathing
zone. Secondly, the proposed method can propertgroene the supply air

parameters to improve indoor air distribution to remoenergy-efficiently

provide indoor air quality, while the existing demtacontrolled ventilation

methods cannot. The proposed method can be convignienplemented in

practice. This is because the developed model maiafuires the inputs of
the supply airflow rate and fresh outdoor air ratibich can be obtained from
the building management system. Thus, the propasethod contributes to
the proper operation of stratum ventilation to @&st& both the targeted indoor
air quality and maximal energy saving. Moreoveg firoposed method is also
promising for other ventilation modes with non-wrtiinly distributed indoor

CO, concentration as discussed in Section 4.

2. Methodology
2.1 Overview of proposed optimization on fresh oatdir ratio

As shown in Figure 1, the proposed optimizationtlo® fresh outdoor air ratio
of stratum ventilation mainly includes two issuegl) modeling CQ
concentration in breathing zone and (2) energyqrerince evaluations of the
air conditioning system with different fresh outdoair ratios. For the first
issue, following the law of mass conservation, undgieeady states, the mass
sum of the CQ@entering the room in the supply air and the ;Cg2nerated
indoors is equal to the mass of ¢f@moved by the exit air (Equation 1); and
the CQ concentration in the supply air equals the ;@0Oncentration in the
mixture of the recirculated air and fresh outdoar (&quation 2) (Figure 2)
[29, 43]. CQ removal efficiency in breathing zone is used toretate CQ
concentrations in the breathing zone, supply aid &xit air (Equation 3).
Therefore, CQ concentration in breathing zone is quantified e tfresh
outdoor air ratio, outdoor C{zoncentration, supply airflow rate, indoor €O
generation rate and GQ@emoval efficiency in breathing zone (Equation 4)
(i.e., fi in Figure 1). Then the CQOemoval efficiency in breathing zone is
correlated to the supply airflow rate based on expents (i.e., f, in Figure
1). The CQremoval efficiency in the breathing zone might bieeated by the

supply airflow rate, supply air temperature andtexir temperature [45].
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However, the preliminary analyses show that onlg gupply airflow rate is
statistically significant to the C{Qemoval efficiency in the breathing zone
(Section 3.1). The correlation between the ;G@moval efficiency in the
breathing zone and the supply airflow rate will malidated by the
experiments (Section 3.1). In this study, the bmewsy zone refers to the zone
between the heights of 0.9 m and 1.3 m above tberffor seated occupants
[45]. However, when other special zones are conegrnhe proposed method
is also applicable by replacing the €©oncentration in the breathing zone
(Equations 3 and 4) with the G@oncentration of the specifically concerned
zone (e.g., the occupied zone as discussed in@ed).
Pco,NVCs N Pco,G _ Pco,NVCe _

3600 10° 3600 )
Cs = (1 - Y)Ce +yC, (2)
Ce - Cs
= 3
s 3)
_ N 3600G 4 3600G(1 —y) 4
T NVe NVy )

where C., C,, C, and C; are CQconcentrations in exit air, outdoor air, breathing
zone and supply air respectively (ppnd); is the indoor C@generation rate which is
determined by the number of occupants [50f/¢n N is the supply airflow rate
(ACH); V is the volume of indoor environment3()11pcc,2 is the CQgas density
(kg/m®) and is regarded as constant for the indoor enmiemt;y is the fresh

outdoor air ratio (%);e is CQ, removal efficiency in the breathing zone.



1. Modeling CO, concentration in breathing zone

Describing CO, concentration in breathing zone (C}.)
with fresh outdoor airratio (y), outdoor CO, concentration (C,),
supply airflowrate (N), indoor CO, generationrate (G),
and CO, removal efficiency in breathing zone (€)

Cr =f1(Y,CO,N,G,E)

[

¥

Correlating CO, removal efficiency in breathing zone (&) to
supply airflow rate (N)

£=f2(N)
v

Representing CO, removal efficiency in breathing zone (&) in CO,
concentration in breathing zone (f) by supply airflow rate (f3)

Cr=f3(¥,Co,N,G)

2. Energy performance evaluations of
different fresh outdoor air ratios

Different fresh outdoor air ratios ()
[YL Yz, YH]

¥

Calculating ventilation parameters
of supply airflow rate (N), supply air temperature (Tg)
and exit air temperature (Te)

Requirement of air quality

Y
r

Cr=f3(r.Co, N, G)

Requirement of thermal comfort (PMV=0)
NT.2 + 197‘ 689
91300 " 50 " 74

Requirement of heat removal

PMV = —

NVp,ir €p
———(T.—T,) =
3600 (e s) ch

Air distribution characteristics
T,—Tq _ NV(11.787 — 0.432T,)
T.—T, 3600Q,

+ 0.419

¥

Energy consumption (EC) of air condition system
min[EC,EC,, ..., ECy)

L

Coupling CO, removal
efficiency in breathing zone
and mass conservation law

Correlation determination and
validation by experiments

Experimental validation of
model of CO» concentration
in breathing zone

Users’ preference:
Targeted CO, concentration
in breathing zone

Building model
e.g. TRNSYS

Model of air conditioning
system e.g., TRNSYS

Fig.1. Flowchart of proposed optimization on fresh outdaar ratio for stratum

ventilation.



Supply airflow rate (N)
Supply air temperature (T,) Exit air temperature (Ta)

i i1e fo e o 7 s 4
R Exit CO, concentration (Cg)

Supply CO, concentration (Cy) ;
occupied zone (T}.)

>— T >
Air | o,
side—< Ventilation CO, concentration in L
fan breathing zone (C,.) |
Fresh outdoor
air ratio (y)
< ' <
Outdoor €O, concentration (C,)
Secondary chill Air handling unit b —
A ariable
water loop @ speed pump
>
Primary chill 4 @ Constant
Water _ water loop &/ speed pump
side L - !
Cooling # Chiller Constant
water loop speed pump
L ~—— Outdoor air

Cooling tower

Fig.2. Schematic diagram of air side and water siderof@ditioning system.

Based on the validated correlation (i.¢5, in Figure 1), the C@removal
efficiency in the breathing zone can be replacedh®ysupply airflow rate for
guantifying the CQ@concentration in the breathing zone (i.¢;, in Figure 1).
As a result, the COconcentration in the breathing zone is modeledaas
function of the fresh outdoor air ratio, outdoor £€dncentration, supply
airflow rate, indoor C@generation rate (i.e.f; in Figure 1). The outdoor
CO; concentration can be monitored by the building ngemaent system, or
assumed to be constant since its variation is inedht small (e.g., the outdoor
CO; concentration in Hong Kong can be assumed to l&epgn) [39, 55]. The
supply airflow rate can also be monitored by thdding management system
[28]. The indoor CQ generation rate can be calculated from the indoor
occupancy [56, 57]. Thus, the G@oncentration in the breathing zone can be
determined by the fresh outdoor air ratio. The maafeCO, concentration in
breathing zone is directly derived from the cons¢ion of mass law and the
experimentally validated correlation of the €®@moval efficiency in the
breathing zone, thus the model of &€ncentration in the breathing zone is
reliable. The accuracy of the model of €€ncentration in the breathing zone
10



will be demonstrated by comparing its predicted,@Oncentrations in the

breathing zone with those from the experiments (®eac3.2).

For the second issue, with the given outdoor,€@ncentrations and indoor
CO, generation rate, one supply airflow rate is deteed for each fresh
outdoor air ratio to achieve the targeted C&ncentration in the breathing
zone according to the model of @@oncentration in the breathing zone (i.e.,
fz in Figure 1). With the determined supply airfloate, the air temperature
in the occupied zone is calculated to meet the irequent of thermal comfort
according to the modified PMV model for stratum tieation (Equation 5) [12,
58, 59]. The other two ventilation parameters (isipply air temperature and
exit air temperature) can be solved by the requeeiof heat removal of the
indoor environment (Equation 6) and air distributiocharacteristics of stratum
ventilation (Equation 7) [60]. The heat requiredb® removed from the indoor
environment (i.e., room cooling load) can be simedaby building models in
TRNSYS or by other existing room cooling load prdn models [61, 62]. It
is noted that since the indoor air temperature rdigtion of stratum
ventilation is non-uniform [26, 27, 63], TRNSYS [|6& recommended to be
integrated with the multi-node model [65] to acdety predict the room
cooling load. The targeted G@oncentration in the breathing zone can be
determined in compliance with standards of indoorgaality or according to
the preferences of the users. Thus, for each fregtdoor air ratio, the
corresponding ventilation parameters of the supaiflow rate, supply air
temperature and exit air temperature are obtainad stratum ventilation,
which satisfies the targeted indoor air quality.eTinesh outdoor air ratios and
corresponding ventilation parameters are used gmiten for the energy
performance evaluation of the air conditioning &ystby building energy
simulation tools (e.g., TRNSYS [64]). The fresh dodr air ratio with the
minimal energy consumption of the air conditionisygstem is identified as the
optimum. Therefore, the proposed optimization caenitify the optimal fresh
outdoor air ratio and the corresponding ventilatparameters to maximize the
energy saving of the air conditioning system antiaege targeted indoor air
guality simultaneously. It is noted that the propdsmethod can also satisfy

different thermal comfort preferences by replacthg PMV value of zero in
11



Figure 1 with the preferred value. Since the maomtcibutions of this study
are to optimize the fresh outdoor air ratio for thegeted C@concentration in
the breathing zone and the maximal energy efficyenthe merit of the
proposed method of providing the preferred PMV ¢ emphasized.

PMV = 7 NT2+19T 689 5
91300 " 50" 74 ()
NVpaiGC
=—— B(T. =T 6
ch 3600 ( e s) ( )
T.—T. NV (11.787 — 0.432T.
S e ( ) +0.419 (7)
T, — T 36000,

where ¢, is the specific heat capacity of air ((kJXKQ)); PMV is Predicted
Mean \ote;T,, T, and Ty are the temperatures of the exit air, air in theupied

zone and supply aif C); Q. is the room cooling load (kW).
2.2 Experiments for modeling G@oncentration in breathing zone

A typical office cooled with stratum ventilation dtan Jiaotong University, Xi'an, is
shown in Figure 3. The cool air is supplied frora thiddle level of one side wall and
exhausted from the ceiling. The inlet terminal i20® mm x 195 mm grille, and the
exit terminal is a 600 mm x 600 mm perforated pamke office is designed for two
occupants, with the dimensions of 3800 mm (lengtB800 mm (width) x 2600 mm
(height) as the experiments described by Huan etf4&l]. This environmental
chamber is surrounded by an air-conditioned rooine. fleat generation by the electric
heating film embedded in one side wall (regardedhasexterior wall) is used to
simulate the effects of outdoor weather conditibhe other walls are insulated and
assumed to be the interior enclosure without heaistnission from the ambiance.
The internal heat sources include two occupants6&ach), two computers (80 W
each) and two lamps (70 W each). The two seatedpacts are simulated by
manikins, with the dimensions of 400 mm (lengthe%0 mm (width) x 1200 m
(height). Each manikin is heated by bulbs with svg@oof 65 W. At the 1.1 m height
of the manikin, CQ s released to simulate the exhalation, with avflate of 320

ml/min and a temperature of 36. Eight sampling lines for COconcentration are
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placed on one side of the symmetric axis of the®ffFigure 3), with three sampling
points for each sampling line in breathing zone dedentary occupants (i.e., at the
heights of 0.9 m, 1.1 m and 1.3 m). The TES-137@-dispersive infrared radiation
system is used to measure £&Oncentration, with a measuring accuracy+8% for

the measuring range of 0 ppm to 6000 ppm.

@) Electric Heating
Film

Lamp

%m;um

i
LS

A\

2600

Occupant

800
Floor
2800

(b) 3800

Internal wall

External Wall s 1400

4
1450 7/ Internal Wall
7

Occupant

Desk

NN

Symmetry Axis L'3_ § LI InletT

&lLs L4

1.7§ LL6 /////LS

30_| 2525 9% 1050

Internal wall

o

2800

Y
200
AN\
= ANNN
5

1400

Unit: mm

Note: L1-L8 are the sampling lines of €€oncentration for seated occupants, with
13



three height levels of each sample line, i.e.n0,9.1 m and 1.3 m.
Fig.3. (a) Setup of environmental chamber and (b) samplines for CQ

concentration in breathing zone.

Thirteen experimental cases are designed to cowadarange of the supply airflow
rate from 5 ACH to 17 ACH and the supply air tengpere from 17C to 21°C for a
broad range of the room cooling load from 0.43 KWL149 kW. The room cooling
load is adjusted by the electric heating film siatulg the heat gain from the
ambiance. For all experimental cases, the air tesmtyre in the occupied zone is
controlled within 25.7C to 26.3C for thermal comfort. The experimental cases are
divided into Series 1 (Case 1-6) and Series 2 (&sE3). Series 1 is used for the
correlation identification of the COremoval efficiency in the breathing zone by
ANOVA (analysis of variance) and multiple regressi®ection 2.1). Series 2 is not
involved in the correlation identification but usddr validating the developed
correlation. Both the experiments for model develept and validation are randomly
determined. However, the experiments for modeldetion (Experiments 7-13) are
designed to cover a broader range of the suppljowirrate than that of the
experiments for model development (Experiments 1e6jest the robustness of the
developed model of C{roncentration in the breathing zone (see Sectibph Blore

detailed information on the experiments can be donrHuan et al. (2016) [45].
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breathing zone.

Table 1. Experimental case designs and resulted, @&noval efficiency in the

Cases Qa (kW) | N(ACH) | Ts (°C) T, (°C) £

1 0.43 5.7 21 25.8 1.70
2 0.76 7.2 17 25.7 1.62

Series 1 3 0.76 9.2 19 26.0 1.40
4 1.24 9.5 17 25.8 1.51
5 0.99 11 19 26.0 1.34
6 1.24 15 19 26.1 1.32
7 0.54 5 17 25.7 1.76
8 0.54 6.5 19 26.3 1.68
9 0.99 8.5 17 26.3 1.52

Series 2| 10 0.54 9 21 25.7 151
11 1.49 10.2 17 25.7 1.48
12 0.76 11.5 21 25.8 1.35
13 0.99 17 21 25.9 1.29

Note: N is the supply airflow rate, is the room cooling loadf, and T; are the
room air temperature and supply air temperaturepexgively; Series 1 is used for the
correlation identification of C@removal efficiency in the breathing zorg, (and
Series 2 is not involved in the correlation idenéfion but used for the correlation

validation.
2.3 Energy performance evaluation of air conditransystem

TRNSYS [64], one of the most popular building siatidn tools, is used for the
energy performance evaluation of the air condiignsystem (Figure 2). The energy
consumption of the air conditioning system is maiobunted by the water-cooled
chiller (including the chiller and cooling waterolp), pumps of the primary and
secondary chilled water loops and ventilation f§#6, 67]. Energy performance
models of these components in TRNSYS are standatdind have already been
validated by the developers (e.g., Type 666 forcth#er, Type 742 for the constant
speed pump in the primary chilled water loop, Tygé for the variable speed pump
in the secondary chilled water loop, Type 744 far ventilation fan), which are the
same as those in previous studies [12, 67-72].efeegy consumption of the chiller
is calculated from Equations 8-12, and the eneysemptions of the pumps and
fans are estimated using Equations 13 and 14 rigpgc [71-73]. The key
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parameters of the air conditioning system in TRNS8& summarized in Table 2,
more detailed descriptions of the energy consumptevaluation of the air

conditioning system are available in studies [6]-72

EC.,; = 3600FFLP —2c"t (8)
chi COP 1,

FFLP = f,(PLR) 9)

ch,

PLR = 10

Qc 1 (10)

n= fS(Tocw: Ticw) (11)

= f6(Tocw; Ticw) (12)

where COP is the rated chiller COP, which is set to EC.,; is the chiller energy
consumption (kJ/hr)FFLP is the fraction of full load power which is reldtéo the
part load ratio (i.e.f, provided by TRNSYS) [64, 74]PLR is the part load ratio;
Q. is the rated chiller capacity (kW) [68]; ar@,’ is the chiller cooling load [66];
r, is the capacity ratio, which is calculated frore thutlet chilled water temperature
(T,ew) and inlet cooling water temperaturg(,) (i.e., fs provided by TRNSYS)
[64]; r, is the COP ratio, which is calculated from the l&utchilled water

temperature and inlet cooling water temperatuee, (f; provided by TRNSYS) [64].

36007i,,4; AR

EC = (13)
Py npump Pwat
NV AP,,,
ECfan = W (14)

where ECs,,, is the fan energy consumption (kJ/hE),,m,is the pump energy
consumption (kJ/hr)ym,,,; is the water flow rate (kg/s) [71hs.n is fan efficiency,
which is set to 70%7n,.mp is pump efficiency, which is set to 60%;,,. is water
density (kg/m3); Ah is the head of the water flow (m) [75kP,;,is the total
pressure (Pa) [71].
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Table 2. Key parameters of the air conditioning system [68]

Component Parameter Value Unit
Rated COP 5 -
Chiller Set point temperature of chill7 °C
(Type 666) watel
Cooling water temperature 32 °C
Variable speed Pump Overall pump efficiency 60 %
(Type 741 Motor efficiency 90 %
Constant speed pumpOverall pump efficiency 60 %
Motor efficienc 90 %
(Type 742) Iciency °
Pressure drop 100 kPa
Ventilation fan Overall fan efficiency 70 %
(Type 744 Motor efficiency 90 %
3. Results

3.1 Correlation between COemoval efficiency in breathing zone and suppifiai

rate

Table 1 and Figure 4 show that the f®moval efficiency in the breathing zone of
Series 1 and Series 2 from the experiments ranges 1.29 to 1.76, indicating that
the CQ distribution of stratum ventilation is significannon-uniform. The maximal
CO2 removal efficiency is achieved at the suppiilaw rate of 5 ACH (Experiment
7), and the minimal CO2 removal efficiency is aokig at the supply airflow rate of
17 ACH (Experiment 13). Based on the results ofieSed, the C@ removal
efficiency in the breathing zone is correlatedhie supply airflow rate as shown in
Equation 15, with a coefficient of determinati®* of 0.91. Software Design Expert
[76] is used to obtain the regression model of Equnal5. The C@ removal
efficiency in the breathing zone of Series 1 predicby the correlation agrees
reasonably with the experimental data, with a maxkiaisolute error no greater than
5% and a mean absolute error of 2.5% (Equation7IH.[The correlation is further
validated that the maximal absolute error for Sefleis no greater than 5% except
Case 11 (5.4%) and the mean absolute error is 2Tbf4s, the correlation between
CO, removal efficiency in the breathing zone and syagtflow rate is accurate.

e = 0.0054N? — 0.1565N + 2.4344, R? = 0.91(15)
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mea; — pre;
meaq;

n
j=1

MAE = (16)

where MAE is the mean absolute erramea; and pre; are the measurement and

n

prediction respectively;is for the j™* case;n is the number of cases.

Moreover, the validations imply that the correlatis general, which can be extended
to conditions beyond those used for the correlaii@mtification. The correlation is
identified under conditions with a supply airfloate from 5.7 ACH to 11 ACH (i.e.,
Series 1 in Table 1), but can be satisfactorilyliadpto conditions with a supply
airflow rate extended to between 5 ACH and 17 ACel,(Series 2 in Table 1). The
generality of the developed correlation will betlfigr discussed in Section 4 by

extending to other ventilation modes.
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Note: Error bar of +5% indicates that the relative difference betwew®n predicted

and measured CQemoval efficiencies in the breathing zone is inith-5%.
Fig.4. Comparisons between predicted and measuregl r€é@oval efficiencies in

breathing zone.

3.2 Model of C@Qconcentration in breathing zone

By replacing the C@removal efficiency in the breathing zor& (n Equation 4 with
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the validated correlation in Section 3.1 (i.e., &ipn 15), the model of GO
concentration in the breathing zone is finally egsed as Equation 17. Since
Equation 4 is the equation of the €@ass conservation (Section 2.1) and Equation
15 has been experimentally validated, Equation {&., (the model of C®
concentration in the breathing zone) should berdeghas accurate. This is further
validated by the experiments. As shown in Figurdob,Cases 1-13, the predicted
CO, concentration in the breathing zone by the moBglétion 17) is fairly close to
that of the experiments (Section 2.2), with the mmak error less than 5% and the

mean absolute error of 1.9%.

C=C + 3600G +36OOG(1—]/) 17
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Note: Error bar of £+5% indicates the relative difference between tredioted and
measured Cgoncentrations in the breathing zone is withib%.
Fig.5. Comparisons between predicted and measuredcGentrations in breathing

Zone.

3.3 Energy consumptions of different fresh outdooratios

The room studied is the same as the environmehé&ahber in Figure 3 (Section 2.2).

The cooling load is 0.96 kW (i.e., 90 WAn{45]. The outdoor air temperature and
19



relative humidity are 33 and 68% respectively [78]. The outdoor L£O

concentration is 400 ppm [39]. For each fresh omtdair ratio, the ventilation
parameters including the supply airflow rate, freshtdoor airflow rate and
temperatures of supply and exit air are quantifiedachieve the targeted GO

concentration of 1000 ppm in the breathing zonet{Ge 2.1) (Table 3).

Table 3. Ventilation parameters corresponding to differeaslh outdoor air ratios for

targeted indoor air quality quantified by the prepad optimization.

N Q T. T
Y| o | @acH | (O | Q)
10.0 22.2 2.2 25.4 30.1
12.5 17.9 2.2 23.3 29.1
15.0 14.9 2.2 21.7 28.7
17.5 12.7 2.2 20.3 28.5
20.0 10.9 2.2 19.1 28.6
22.5 9.6 2.2 17.9 28.7
25.0 8.5 2.1 16.7 28.9
27.5 7.6 2.1 15.6 29.2
30.0 6.8 2.0 14.4 29.6
32.5 6.2 2.0 13.2 30.0

Note: N is the supply airflow ratef); is the fresh outdoor airflow ratey is the
fresh outdoor air ratio;T, and T; are the temperatures of exit air and supply air

respectively.

Figure 6 shows that the proposed optimization caaintain the targeted GO
concentration of 1000 ppm in the breathing zoneleathe conventional method fails
to meet the targeted GQroncentration in the breathing zone. The conveatio
method refers to that the fresh outdoor airflove rigt10 L/s for each occupant which
takes into consideration G@emoval efficiency in the breathing zone (Equati@)
[24]. When the fresh outdoor air ratio increasesmfr10% to 17.5%, the GO
concentration in the breathing zone with the cotieeal method decreases from
1123 ppm to 1073 ppm. When the fresh outdoor dio i@ntinuously increases to
32.5%, the CQ concentration in the breathing zone with the cotie@al method
increases to 1243 ppm. The corresponding supplpwirate decreases from 18.7
ACH to 4.3 ACH, which is calculated from the fresatdoor airflow rate and fresh

outdoor air ratio. When the fresh outdoor air ratioreases to be larger than 32.5%,
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the supply airflow rate of the conventional metltmtreases to be less than 4 ACH
which might deteriorate the ventilation efficienagd even fail to satisfy the airflow
characteristics of stratum ventilation due to the small supply momentum [45].
Thus, the fresh outdoor air ratio larger than 32i8%ot considered. The variations of
the CQ concentration in the breathing zone with the cotie@al method are mainly
caused by the variations of the £f@moval efficiency in the breathing zone, which
firstly decreases and then increases with the tuams of the supply airflow rate
(Equation 15). The CfOconcentration in the breathing zone with the catieaal
method is also calculated by the model validatadttie CQ concentration in the
breathing zone (Equation 17), while the supplyl@frate is different from the
proposed optimization. The proposed optimizatiocraases the supply airflow rate
thereby the fresh outdoor airflow rate as compasittht the conventional method
(Figure 6), so that the GQoncentration in the breathing zone with the psagb
optimization can be maintained at 1000 ppm (SeQiain

36k
fc = <V (18)

where Q. is the fresh outdoor airflow rate with the convenal method (ACH);k

is the number of occupants.

Although the CQ concentration in the breathing zone with the coteeal method
could be different from that shown in Figure 6 wtiba outdoor C@ concentration
and indoor occupancy change, the variations oCfgconcentration in the breathing
zone indicate that the conventional method failsntntain the C@ concentration
constant at the targeted level in the breathingezéfhe main reason for the
conventional method failing to maintain the target€Q, concentration in the
breathing zone is that the conventional methodgassa fixed airflow rate of fresh

outdoor air for one occupant (i.e. 10 L/s) whicls hat been justified [31].
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Fig.6. Comparisons between proposed and conventional wethdariations of
supply airflow rate and CfQOconcentration in breathing zone with fresh

outdoor air ratios.

Using the ventilation parameters listed in Tablas3the inputs, Figure 7 shows the
variations of the energy consumptions of the ainditioning system and its
components with the fresh outdoor air ratios frdva proposed optimization. Since
the conventional method fails to provide the tagdeindoor air quality, one of the
primary tasks of the air conditioning system, itkesno sense to evaluate the energy
performance of the air conditioning system with t@ventional method [2, 31].
With the proposed method, when the fresh outdooradio increases from 10% to
32.5%, the energy consumption of the ventilatiandacreases from 890 kJ per hour
to 170 kJ per hour. This is because the supplyoairfrate decreases with the
increasing fresh outdoor air ratio (Figure 6). Hoare the energy consumptions of the
chiller and pumps increase from 1082 kJ per houB@/ kJ per hour. This is mainly
caused by the largely reduced supply air tempexafliable 3) thereby a lower
coefficient of performance (COP) of the chiller [6, 80]. Although Table 3 also
shows the fresh outdoor airflow rate slightly deses from 2.2 ACH to 2.0 ACH
which helps to decrease the chiller cooling loaérgby reducing the energy

consumption, its effects are overwhelmed by thdsbelargely decreased supply air
22



temperature. As a trade-off between the variatminthe energy consumption of the
ventilation fan and those of the chiller and puntps,total energy consumption of the
air conditioning system firstly decreases and timemeases with the minimal value
achieved at the optimal fresh outdoor air ratid5%. Compared with the worst case
(i.e., the fresh outdoor air ratio of 32.5%), theemy saving by the optimal fresh
outdoor air ratio is 6.4%. Adopting the worst casethe benchmark is because no

commonly recommended fresh outdoor air ratios ti@tigm ventilation are available.

2500
Ventilation fan Chiller and pump —@—Total energy saving

= 0.25% 231% 1.11% 0.41% 0.94% 9%
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& 1000
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Fig.7. Variations of energy consumptions of air conditign system and its

components with fresh outdoor air ratios.

When the outdoor weather condition varies, the reowling load also varies and the
corresponding ventilation parameters for the tageindoor air quality change
(Section 2.1). With changed input ventilation pagtens, the energy consumption of
the air conditioning system would also change. Fmations of the outdoor weather
condition also affect the ventilation cooling lodlkdereby impacting the energy
performance of the air conditioning system [81]ughthe optimal fresh outdoor air
ratio and its corresponding ventilation parametexsd to be updated according to the

outdoor weather condition [82]. It is noted thatNRYS is just one of the feasible
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methods for the energy consumption evaluation efatin conditioning system. If the
meteorological data and the performance data ofaitheconditioning system are
available, similar to Study [83], the energy pemiance models of the air
conditioning system can be coded to calculate tieegy consumption by hand.

4. Discussion

The above case studies demonstrate the effectivesfethe proposed optimization
method on the fresh outdoor air ratio for stratuemtifation to achieve both the
targeted air quality and maximal energy saving. ther optimization method, three
elements are specific for stratum ventilation, itke model of the C£concentration
in the breathing zone (Equation 17), the PMV mofequation 5) and the air
distribution characteristics (Equation 7). As laasythese three elements are available
for other ventilation modes, the proposed optimaratan also be applied. Both the
PMV model and air distribution characteristics father ventilation modes (e.g.,
mixing ventilation and displacement ventilation)nche derived according to the
methods reported in the previous studies [12, Thilis, when the model of the @O
concentration in the breathing zone for other Vatin modes is available, the
proposed optimization can be extended to thoseilagoh modes. It is noted that
when the design of stratum ventilation substantielanges (e.g., different terminal
layouts), Equations 5, 7 and 15 are also recomnietalee revised according to the
methods proposed by Study [12], Study [16], andl $hildy (Section 2.1) respectively.

Krajcik et al. [51] experimentally determined that th@,@emoval efficiency in the
occupied zone of the three different ventilationde® (Modes A, B and C in Figure 8)
can also be correlated to the supply airflow rata way similar to Equation 15. They
focused on the C{zoncentration in the occupied zone while this stiadyises on the
CO, concentration in the breathing zone. The occupiedezis broader than the
breathing zone [45, 51]. Controlling G©@oncentration in the occupied zone at a
targeted level is a stricter requirement for indedr quality. However, since the
breathing zone is the critical zone for inhaled guality, controlling CQ
concentration in the breathing zone at a targete@llis adequate for indoor air
quality [45]. It seems to be general for the £&noval efficiency of the breathing
zone/occupied zone to be correlated to the suppflow rate as presented in
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Equation 19. Besides the experiments of this sautl/the study by Kraik et al. [51],
the experiments from Olesen et al. (2011) [84] dacklionis et al. (2015) [85] also
confirmed the generality of the correlation betwéa@, removal efficiency in the
breathing zone/occupied zone and supply airflow paesented in Equation 19. The
constant coefficients in Equation 19 are differdmdm ventilation modes to
ventilation modes, and can be determined by exmerisiCFD simulations using
ANOVA (analysis of variance) and multiple regressids a result, the model of the
CO, concentration in the breathing zone/occupied zarebe obtained as shown in
Equation 20 by replacing the G@moval efficiency in the breathing zone/occupied
zone in Equation 4 with Equation 19. Thus, the pegg optimization is also
promising for other ventilation modes for the taegkindoor air quality and maximal
energy saving.

g=aN? +bN +c (19)
3600G 3600G(1 —vy)
+ (20)
V(aN3 + bN? + cN) NVy
where a, b and ¢ are the three constant coefficients in the catipelabetween the

C,=C, +

CO.removal efficiency in the breathing zone/occupiedezand supply airflow rate.
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Fig.8. Variations of CQ removal efficiency in occupied zone with supplyflaw

rates for three ventilation modes.

It is noted that the proposed method is orientadtii@ supervisory control. The
supervisory control has been widely implementedtfa operation optimization of
the air conditioning system [86, 87]. It updates tptimal settings of the operation
parameters with a certain frequency, usually omeetiper hour [57, 86]. The
steady-state assumption of the proposed methodigSe&t1) is acceptable for a time
interval of one hour [73, 88]. The local contrak.j the dynamic control of GO

concentration with a smaller time interval (e.gneominute) considering the

non-uniform distribution of indoor C{concentration, needs to be further developed
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in the future.

5. Conclusions

This study proposes an optimization method on teghf outdoor air ratio of stratum
ventilation for both targeted indoor air qualitydamaximal energy saving. The indoor
air quality is indicated by the G@oncentration in the breathing zone. A model of the
CO, concentration in the breathing zone is developeddupling the C@ removal
efficiency in the breathing zone and the mass cwatien law. Compared with the
experiments, the mean absolute error of the moflgheo CQ concentration in the
breathing zone is 1.9%. Based on the model of tBgcGncentration in the breathing
zone, for each fresh outdoor air ratio, the comwesing ventilation parameters can be
guantified to maintain the G@oncentration in the breathing zone at a targeteel.|
As a comparison, the conventional method fails thieve the targeted GO
concentration in the breathing zone. Using thehfrastdoor air ratios and quantified
ventilation parameters as inputs, evaluations ef énergy performance of the air
conditioning system are conducted by building epesgnulations with TRNSYS.
The fresh outdoor air ratio with the minimal systenergy consumption is identified
as the optimum. Case studies show that the propmstédization reduces the system
energy consumption by 6.4% while achieving the @d indoor air quality. The
proposed optimization method can contribute toiny@oved performances of the air
conditioning system with stratum ventilation, argl also promising for the air

conditioning system with other ventilation modes.
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Highlights

» Optimization method is proposed for fresh outdoor air ratio of stratum ventilation.
» CO, concentration in breathing zone is modeled and experimentally validated.

* Targeted CO, concentration in breathing zone is achieved.

» Energy consumption of air conditioning system is minimized.

* Proposed optimization is promising for other ventilation modes.
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