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Abstract

The objective of this study is to determine the effectiveness of a modified air-side economizer in improving indoor air quality
(IAQ). An air-side economizer, which uses all outdoor air for cooling, affects the building’s IAQ depending on the outside air
quality and can significantly affect the occupants’ health, leading to respiratory and heart disease. The Air Quality Index (AQI),
developed by the US Environmental Protection Agency (US EPA), measures air contaminants that adversely affect human
beings: PM10, PM2.5, SO2, NO2, O3, and CO. In this study, AQI is applied as a control for the operation of an air-side
economizer. The simulation is analyzed, comparing the results between the differential enthalpy economizer and AQI–modified
economizer. The results confirm that an AQI–modified economizer has a positive effect on IAQ. Compared to the operating
differential enthalpy economizer, energy increase in an operating AQI–modified economizer is 0.65% in Shanghai and 0.8%
in Seoul.
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1. Introduction

Big cities in China generally exceed PRC pollution

standards for 10% to 30% of the day (Chan and Yao,

2008), and 20.7% of China’s cities exceed Grade II of the

National Standard of China (Zhang and Rock, 2012).

Globally, most big cities face air pollution problems,

including Shanghai and Beijing in China and Seoul in

South Korea. The poor air quality adversely affects human

health, even indoors through HVAC systems. Schwartz

and Dockery (1992) reported that each increase of 100

µg/m³ in total suspended particulates (TSP) increases

mortality by 7%. Every 100 µg/m³ increase in TSP inc-

reases mortality by 10% among people over 65 and 3%

among people under 65. In addition, a 10 µg/m³ increase

in PM2.5 increases mortality related to respiratory illness

by 1.78%, related to stroke by 1.03%, and for all-cause

mortality by 1.21% (Frankin et al., 2007). Linares and

Diaz (2010) researched the relationship between PM2.5

concentrations and hospital admissions using hospital

data from 2003 to 2005 in Madrid, Spain. It shows that

PM2.5 concentration and hospital admissions have a linear

relationship with no threshold. Every 10 µg/m³ increase

in PM2.5 raises mortality from diabetes mellitus by 11%

(O’Donnell et al., 2011), significantly influences indoor

allergens (Maesano et al., 2007), and reduces heart rate

variability (Rodriguez et al., 2006). Pope et al. (2015) exp-

lained that people with asthma and fourth and fifth grade

students experienced a decrease in pulmonary function of

up to 6% compared to normal conditions when PM10

exceeded 150 µg/m³.

An air-side economizer, which uses only outdoor air for

cooling, has the advantage of reducing the energy needed

to run a HVAC system (Park et al., 2013). Aktacir (2012)

researched monthly energy saving effect of air-side econ-

omizer in Antalya, Turky. In this energy simulation, three

HVAC system operation, which are air-conditioning with

no air-side economizer, differential enthalpy economizer

and differential dry-bulb temperature economizer, are

used to verify the energy consumption differences. The

results showed the energy saving effects were the greatest

in March and April. Specifically, 55% and 66% energy

were saved in each operation of differential dry-bulb eco-

nomizer and differential enthalpy economizer in March.

40% and 43% of energy were saved in each operation of

differential dry-bulb economizer and differential enthalpy

economizer in April. Yao and Wang (2010) analyzed dif-

ferential dry-bulb temperature/enthalpy economizer eff-

ects in various climate zone of China. The selected reg-

ions are Shenyang, Beijing, Xian, Chengdu, Shanghai,

Guangzhou. Operating differential dry-bulb saved more

energy than operating differential enthalpy economizer in

the northern region cities including Shenyang, Beijing

and Xian. Otherwise in southern region cities, operating

differential enthalpy economizer saved more energy. Com-

paring the two regions, operation in southern region cities

saved more energy than operation in northern region

cities due to the longer cooling period. LEE and Chen
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(2013) analyzed how differential enthalpy economizer

affects energy saving in 17 different climate zone when

indoor set temperature is 27oC. In Climate zone 4A (mixed-

humid) 33% of energy consumption decreased and in

Climate zone 3C (warm-marine) 32% of energy consump-

tion decreased. As indicated above, air-side economizer

has an effect on saving the cooling energy in HVAC system.

However, outdoor air is not always clean so that oper-

ating an air-side economizer can cause problems because

all the contaminants in the outdoor air enter the building

space (Elkilani and Bouhamra, 2001). For this reason, the

aim of this research is to suggest how to consider outdoor

air quality in use of an air-side economizer.

1.1 Methodology

In this research, Air Quality Index (AQI) is introduced

as a control to operate the air-side economizer. The AQI

suggested by the US Environmental Protection Agency

(US EPA) rates outdoor air pollution levels on a scale

from 0 to 500, and will be described further in the next

section. The suggested method is that the air-side

economizer is stopped when the AQI exceeds 100, which

is labeled “Unhealthy for sensitive groups.” This metho-

dology is depicted in Fig. 1, which describes conventional

differential enthalpy economizer (DEE) and AQI-modified

economizer (AME) operation algorithms. In Fig. 1(b), the

added condition for activating the air-side economizer

differs in two aspects between AME operation and DEE

operation. One is that IAQ is improved by the air-side

economizer ceasing to operate during times of bad air

quality, even if the weather is suitable to operate the air-

side economizer. The other is that chiller energy consump-

tion increases compared to DEE because cooler outdoor

air may not be able to be used; hence, the chiller must be

operated to maintain a set indoor temperature.

To verify the effects of AME use, two simulations of

DEE and AME operation were conducted. Indoor conta-

minant concentration was calculated by Eq. (1) in the sim-

ulation (Noh and Hwang, 2010). To confirm how energy

consumption increases when operating an AME, an energy

simulation including chiller, pump, and fan was also con-

ducted for each case.

(1)

where

V = volume of room (m3)

Cin = indoor contaminant concentration (µg/m3)

CSA = contaminant concentration of supply air (µg/m3)

COA = contaminant concentration of outdoor air (µg/m3)

 = volume flow rates of supply air (m3/min)

 = volume flow rates of infiltration (m3/min)

P = the penetration efficiency of particles through the

air infiltration (-)

V
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Figure 1. Air-side economizer algorithm.
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εCCI = the cross contamination index around the exterior

air vent (-)

εAEE = efficiency of air exchange effectiveness (-)

εf = filter efficiency (-)

 = emission rate of PM2.5 in room (µg/m3)

β = deposition rate of particles onto surfaces (h-1)

In simulating those cases, filters were also added. Filters

states ranged from Minimum Efficiency Reporting Value

(MERV) 8 to MERV 16, and the absence of a filter was

also considered.

1.2. Air Quality Index

The AQI is calculated for six contaminants that adver-

sely affect human health: PM2.5, PM10, ozone, carbon

monoxide, nitrogen dioxide, and sulfur dioxide. Each

AQI contaminant is calculated as in Eq. (2).

(2)

where

Ip = the index for pollutant P (AQIP)

Cp = the rounded concentration of pollutant P

BPHi = the breaking point that is greatest than or equal

to Cp

BPLo = the breaking point that is less than or equal to Cp

IHi = the AQI value corresponding to BPHi

ILo = the AQI value corresponding to BPLo

In Eq. (2), the Guidelines for the Reporting of Daily

Air Quality - the Air Quality Index (Park, 2006) regulates

BPHi, BPLo, IHi, and ILo. The highest AQI calculated by

each pollutant indicates air quality using the value scale

presented in Table 1 (Park, 2006): From 0 to 50, air qua-

lity is “Good,” from 51 to 100 air quality is “Moderate,”

from 101 to 150 air quality is “Unhealthy for Sensitive

Groups,” from 151 to 200 air quality is “Unhealthy,” from

201 to 300 air quality is “Very Unhealthy,” and above 301

air quality is “Hazardous.”

S
·

Ip
IHi ILo–

BPHi BPLo–
--------------------------- Cp BPLo–( ) ILo+=

Figure 2. Mass balance model schematic.

Table 1. Breakpoints for the AQI

Breaking points AQI Category

O3 (ppm)
8-h

O3 (ppm)
1-h (1)

PM10

(μg/m³ )
PM2.5

(μg/m³ )
CO

(ppm)
SO2

(ppm)
NO2

(ppm)
AQI

0.000-0.064 - 0-54 0.0-15.4 0.0-4.4 0.000-0.034 (2) 0-50 Good

0.065-0.084 - 55-154 15.5-40.4 4.5-9.4 0.035-0.144 (2) 51-100 Moderate

0.085-0.104 0.125-0.164 155-254 40.5-65.4 9.5-12.4 0.145-0.224 (2) 101-150
Unhealthy

for Sensitive
Groups

0.105-0.124 0.165-0.204 255-354 65.5-150.4 12.5-15.4 0.255-0.304 (2) 151-200 Unhealthy

0.125-0.374 0.205-0.404 355-424 150.5-250.4 15.5-30.4 0.305-0.604 0.65-1.24 201-300
Very

Unhealthy

(3) 0.405-0.504 425-504 250.5-350.4 30.5-40.4 0.605-0.804 1.25-1.64 301-400
Hazardous

(3) 0.505-0.604 505-604 350.5-500.4 40.5-50.4 0.805-1.004 1.65-2.04 401-500

(1) Areas are required to report the AQI based on 8-h ozone values. However, in some areas, an AQI based on 1-h ozone values would
be more protective. In those cases, the index for both the 8-h and the 1-h ozone values may be calculated and the maximum AQI reported.
(2) NO2 has no short-term NAAQS and can generate an AQI score only above values of 200.
(3) 8-h O3 values do not define higher AQI values. AQI values of 301 or higher are calculated with 1-h O3 concentrations.
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2. Simulation

This simulation was conducted for office buildings in

Seoul, Korea and Shanghai, China as both cities have

high level of PM2.5 concentration. PM2.5 and AQI data

were acquired from the Ministry of Environment of South

Korea, which provides real-time air quality data, and from

the Ministry of Environmental Protection of the People’s

Republic of China [18,19]. To perform the simulation,

EnergyPlus, OpenStudio, and Excel were used. Minimum

ventilation rate was set to 0.3 L/s·m² for area and 2.5 L/

s·person for people with an occupant density of 5 people/

100 m² in an open office following the ASHRAE Standard

62.1 (2013). Table 2 describes details of the simulation

conditions. The HVAC system was considered to be a VAV

system, presented further as a schematic in Fig. 3.

Simulation assumptions were that the building has no

infiltration of air and no PM2.5 emission source, and that

air exchange effectiveness (εAεε) is 100%. Cross contami-

nation index around the exterior air vent (εCCI) is 0%, and

deposition rate of particles onto surfaces (β) is 0. With

these assumptions, the equation that solves for the indoor

PM2.5 concentration transforms into Eq. (3). Under those

assumptions, the simulation was conducted per minute

for one year.

IAQ is determined by various air contaminants; how-

ever, in this study, PM2.5 concentration was used to deter-

mine IAQ level because PM2.5 is the main factor of air

pollution in Seoul and Shanghai and hard to be captured

in a filter.

(3)

Table 3 shows the effectiveness of capturing particles

and pressure drop of each MERV rating. It is usually

recommended to use MERV 8 for capturing pollutants in

commercial buildings. However, MERV 8 has no capabi-

lity of capturing PM2.5. To complement MERV 8, another

MERV ratings including from MERV 9 to MERV 16 were

used in this simulation as well as MERV 8. PM2.5 ranges

from 1.0 to 3.0 micrometer (E2). Applied filtering effici-

ency is zero in MERV 8; 25% in MERV 9; 50% in MERV

10; 65% in MERV 11; 80% in MERV 12; 90% in MERV

13, MERV 14, and MERV 15; and 95% in MERV 16.

The filter is more effective with higher filter rating so

that more PM2.5 is going to be filtered with higher filter

rating. In this research, however, it’s not the issue to

verify the capability of filter rating itself. It is focused that

how the indoor air quality will be improved depending on

the two different air-side economizers operation, AME

and DEE, with same filter in each rating. Further, applied

pressure drop is 150 Pa in MERV 8, 250 Pa in MERV 9

to 12, 350 Pa in MERV 13 to 16 in fan energy simulation.

V
dCin

dt
---------- Q

·
SA CSA( ) 1 εf–( )⋅ Cin–{ }=

Figure 3. Schematic of VAV system.

Table 2. Building conditions for simulation

            Building type Office building

            Location Shanghai/Seoul

Building
information

Volume
10 m * 10 m * 3 m

(D * W * H)

Area 100 m²

Floor 1

Window-Wall ratio 0.5

Temperature setting 24°C

U-Value

External wall 0.59 W/m²·K

Roof 0.27 W/m²·K

Floor 0.50 W/m²·K

Window 2.27 W/m²·K

HVAC
system

VAV system

Air-side economizer type DEE, AME

Filter
Not installed /
MERV 8-16

Fan efficiency 0.5

Pump efficiency 0.6

Office hours AM 9:00 - PM 6:00
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3. Results

The simulation results were analyzed through indoor

PM2.5 accumulation, annual PM2.5 average concentration

and total number of minutes exceeding PM2.5 threshold.

Also, the energy simulation of HVAC system operating

AME and DEE was progressed by OpenStudio, Energy-

Plus and Excel.

DEE operation time was calculated by EnergyPlus and

it was integrated with provided AQI data of Shanghai and

Seoul for calculating AME operation time. This air-side

economizer operation time affects the indoor PM2.5 state

and HVAC energy consumption calculation of next iteration

because it decides outdoor air ratio for air-conditioning.

3.1. Indoor PM2.5 Accumulation

In Seoul, over a simulated trial period of one year, the

DEE’s operating time was 129,926 min (about 2,165 h)

and the AME’s operating time was 103,641 min (about

1,727 h). In Shanghai, the DEE’s operating time was

67,929 min (about 1,132 h) and AME’s operating time

was 46,286 min (about 771 h) because AME operation

stopped if the AQI exceeded 100. Considering this opera-

ting time decrease, outdoor air quality is poor with increa-

sed time of AQI exceeding 100. It can harm human health

unless air-side economizer is controlled with outdoor air

Table 3. MERV Parameters with Minimum Final Resistance (ASHRAE Standard 52.2)

Standard 52.2 Minimum Efficiency
Reporting Value (MERV)

Composite Average Particle Size Efficiency (%)
in Diameter Range (μm)

Minimum Final Resistance

0.30-1.0 (E1) 1.0-3.0 (E2) 3.0-10.0 (E3) Pa in. of water

1 NA NA E3<20 75 0.3

2 NA NA E3<20 75 0.3

3 NA NA E3<20 75 0.3

4 NA NA E3<20 75 0.3

5 NA NA 20≤E3<35 150 0.6

6 NA NA 35≤E3<50 150 0.6

7 NA NA 50≤E3<70 150 0.6

8 NA NA 70≤E3 150 0.6

9 NA E2<50 85≤E3 250 1.0

10 NA 50≤E2<65 85≤E3 250 1.0

11 NA 65≤E2<80 90≤E3 250 1.0

12 NA 80≤E2 90≤E3 250 1.0

13 E1<75 90≤E2 90≤E3 350 1.4

14 75≤E1<85 90≤E2 90≤E3 350 1.4

15 85≤E1<95 90≤E2 90≤E3 350 1.4

16 95≤E1 95≤E2 95≤E3 350 1.4

Figure 4. Annual PM2.5 accumulation curve of Seoul.
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quality. Therefore, outdoor air quality should also be con-

sidered in drawing conclusions regarding the air-side eco-

nomizer’s operation.

Figs. 4 and 5 indicate the annual indoor PM2.5 accumu-

lation with no economizer, and using DEE and AME

without filters in Seoul and Shanghai, respectively. AME

operation shows that PM2.5 accumulation decreased by

3.19% (from 14,294,261 µg/m³ to 13,837,611 µg/m³) in

Seoul and 1.92% (from 26,114,723 µg/m³ to 25,612,055

µg/m³) in Shanghai compared to DEE operation.

Use of a DEE resulted in worse indoor air quality than

use of an AME because DEE operation allow that all

outdoor air comes into the space whether the outdoor air

quality is good or not. However, an AME considers the

quality of outdoor air in order to reduce appropriately the

annual indoor PM2.5 accumulation.

3.2. Analysis depending on MERV grade

This section describes the analysis of indoor concentra-

tion of PM2.5 comparing AME and DEE operation with

different filter ratings, from MERV 8 to MERV 16. There

were two analyses; one that compared the annual average

PM2.5 concentration between AME and DEE operation

and the other that compared how long PM2.5 levels excee-

ded different standards during AME and DEE operation.

3.2.1. Seoul

As shown in Fig. 6, when comparing AME to DEE

operation in Seoul, the annual average indoor concentra-

tion of PM2.5 decreased from 27.20 µg/m³ to 26.33 µg/m³

Figure 5. Annual PM2.5 accumulation curve of Shanghai.

Figure 6. Annual average PM2.5 concentration by MERV grade, Seoul.
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for both no filter and MERV 8, from 20.40 µg/m³ to

19.75 µg/m³ with MERV 9, from 13.60 µg/m³ to 13.16

µg/m³ with MERV 10, from 9.52 µg/m³ to 9.21 µg/m³

with MERV 11 and from 5.44 µg/m³ to 5.27 µg/m³ with

MERV 12. MERV 13 to MERV 16 have similar effects

on both DEE and AME operation.

Fig. 7 shows the length of time that PM2.5 exceeded the

limit allowed by two standards. This graph compares the

South Korean standard from an enforcement ordinance in

a framework act on environmental policy (average PM2.5

in 24 h, 50 µg/m³) and the WHO international standard

(average PM2.5 in 24 h, 25 µg/m³).

Based on the South Korean standard, when comparing

AME and DEE operation, the total number of minutes for

which PM2.5 levels exceeded the allowable threshold fell

from min (about 857 h) to 50,019 min (about 833 h) with

no filter and MERV 8, respectively. Higher rated filters

reduced time from 25,915 min (about 432 h) to 22,420

min (about 374 h) with MERV 9, from 3,063 min (about

51 h) to 931 min (about 16 h) with MERV 10, and from

22 min to 0 min with MERV 11. MERV 12 to MERV 16

do not allow PM2.5 concentrations to exceed allowable

amounts during both DEE and AME operation.

Based on the WHO standard, when comparing DEE and

AME operation, the total number of minutes exceeding

PM2.5 threshold fell from 227,264 min (about 3788 h) to

224,861 min (about 3747 h) with no filter and MERV 8,

respectively. Higher rated filters reduced time from

130,839 min (about 2181 h) to 124,209 min (about 2070

h) with MERV 9, from 51,434 min (about 857 h) to

42,819 min (about 714 h) with MERV 10, from 16,452

min (about 274 h) to 12,155 min (about 202 h) with

MERV 11, and from 129 min (about 2 h) to 0 min with

MERV 12. MERV 13 to MERV 16 do not allow PM2.5

levels to exceed allowable amounts during both DEE and

AME operation.

3.2.2 Shanghai

As shown in Fig. 8, when comparing use of DEE and

AME, the annual average indoor concentration of PM2.5

in Shanghai decreased from 49.69 µg/m³ to 48.73 µg/m³

with no filter and MERV 8, respectively. Higher rated

filters reduced contamination from 37.26 µg/m³ to 36.55

µg/m³ with MERV 9, from 24.84 µg/m³ to 24.36 µg/m³

with MERV 10, from 17.39 µg/m³ to 17.06 µg/m³ with

MERV 11, from 9.94 µg/m³ to 9.75 µg/m³ with MERV 12,

from 4.97 µg/m³ to 4.87 µg/m³ with MERV 13 to MERV

15, and from 2.48 µg/m³ to 2.44 µg/m³ with MERV 16.

Fig. 9 shows the length of time that PM2.5 exceeded the

limit allowed by two standards. This graph compares the

Chinese standard published by the Ministry of Environ-

mental Protection of the People’s Republic of China (ave-

rage PM2.5 in 24 h, 75 µg/m³) and the WHO international

standard (average PM2.5 in 24 h, 25 µg/m³).

Based on the Chinese standard, when comparing use of

DEE to AME, the total number of minutes exceeding

PM2.5 threshold fell from 92,586 min (about 1,543 h) to

86,828 min (about 1,447 h) with no filter and MERV 8

operated, respectively. Higher rated filters reduced time

from 34,048 min (about 567 h) to 28,666 min (about 478

h) with MERV 9, from 6,947 min (about 116 h) to 6,057

min (about 101 h) with MERV 10, and from 1658 min

(about 28 h) to 534 min (about 9 h) with MERV 11. MERV

12 to MERV 16 do not allow PM2.5 concentrations to

exceed the threshold.

Based on the WHO standard, when comparing use of

DEE to AME, the total number of minutes exceeding

PM2.5 threshold fell from 426,229 min (about 7,104 h) to

425,917 min (about 7,099 h) with no filter and MERV 8,

respectively. Higher rated filters reduced time from 338,751

Figure 7. The total number of minutes exceeding PM2.5 threshold, Seoul (WHO standard, South Korean standard).
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min (about 5,646 h) to 336,658 min (about 5,611 h) with

MERV 9, from 194,856 min (about 3,248 h) to 188,867

min (about 3,148 h) with MERV 10, from 104,261 min

(about 1,738 h) to 97,102 min (about 1,618 h) with MERV

11, from 15,694 min (about 262 h) to 16,078 min (about

268 h) with MERV 12, from 661 min (about 11 h) to 18

min with MERV 13 to MERV 15. MERV 16 does not allow

PM2.5 concentrations to exceed the threshold.

3.3 HVAC energy analysis

Table 4 describes the fan, chiller, and pump electric

energy consumption for different MERV ranges in Seoul

and Shanghai. Energy consumption in Seoul and Shanghai

increased as MERV grade increased because pressure

drop additionally increased by 150 Pa in MERV 8, 250 Pa

for MERV 9 to MERV 12 and 350 Pa for MERV 13 to

16. For chiller, energy consumption in both cities shows

an increase when AME is used, compared with DEE at

the same MERV grade. This is because AME monitors

the outdoor air quality to operate the air-side economizer,

so free cooling time is reduced as compared to DEE, and

the chiller operates with minimum ventilation rate when

air-side economizer stops owing to bad air quality. When

AME operates in the same MERV grade, pump energy

use also increases as chiller energy use increases since

pump operation is required when chiller is in operation.

4. Discussion

This paper analyzed the air-side economizer considering

Figure 8. Annual average PM2.5 concentration by MERV grade, Shanghai.

Figure 9. The total number of minutes exceeding PM2.5 threshold, Shanghai (WHO standard, Chinese standard).
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the effect that AQI has on IAQ and HVAC energy con-

sumption in Seoul, Korea and Shanghai, China. Table 5

shows that annual average PM2.5 concentration decreased

by about 3.2% in Seoul and about 1.9% in Shanghai

during all AME operation with all filter ratings. By con-

trast, in each filter condition of AME operation, HVAC

energy use increased by 0.8% in Seoul and 0.65% in

Shanghai compared with use of a DEE.

It has been confirmed through the results of the simu-

lation that use of an AME has a greater positive impact

on the air quality than simple operation of an air-side eco-

nomizer. At the same time, the increase in HVAC energy

consumption, especially in chiller, was relatively low. The

use of AME decreases possible free cooling time so that

the chiller operates longer; however, simulations show

little difference in HVAC energy consumption between

AME and DEE operation for a year. Therefore, the sug-

gested air-side economizer control, AME, is the better

method to maintain IAQ than a conventional air-side

economizer.

The annual total number of minutes exceeding PM2.5

threshold in Seoul and Shanghai are described in Table 6

and Table 7, respectively, for both AME and DEE opera-

tion. The decrease in total number of minutes exceeding

PM2.5 threshold differs distinctly between AME and DEE

at same MERV rating.

AME has an effect on reducing the time exceeding

threshold under the South Korea standard as the MERV

rating is getting low in Seoul. However, there are no PM2.5

reducing effect through AME operation when filter rate is

over than MERV 11. AME makes the IAQ improvements

generally under the WHO standard in Seoul. However,

AME operation do not make meaningful results of reduc-

ing PM2.5 concentration over than MERV 12. This is bec-

ause filtering efficiency is so high that filter can capture

a lot of PM2.5 without AME control. In Shanghai, AME

operation also shows that PM2.5 concentration get reduced

under the Chinese standard and WHO standard. However,

over than MERV 12, there are no IAQ improvements via

AME operation by the same reason.

Therefore, we found out that AME brings positive effect

under relatively the lower rating MERV than higher one.

Table 4. HVAC energy consumption of AME and DEE operation

Seoul No Filter MERV 8 MERV 9-12 MERV 13-16

AME

Fan [kWh] 477.16 620.23 715.65 811.09

Chiller [kWh] 2310.18 2332.45 2347.49 2362.62

Pump [kWh] 1332.14 1346.27 1355.22 1364.86

DEE

Fan [kWh] 477.17 620.24 715.66 811.10

Chiller [kWh] 2290.23 2312.17 2326.98 2341.89

Pump [kWh] 1318.84 1332.63 1341.38 1350.83

Shanghai No Filter MERV 8 MERV 9-12 MERV 13-16

AME

Fan [kWh] 516.63 662.72 764.68 866.68

Chiller [kWh] 3756.01 3651.63 3670.55 3689.61

Pump [kWh] 1612.34 1618.91 1630.69 1642.85

DEE

Fan [kWh] 516.63 662.72 764.69 866.69

Chiller [kWh] 3736.59 3632.97 3651.61 3670.40

Pump [kWh] 1592.90 1598.80 1610.34 1621.88

Table 5. Comparison of annual average PM2.5 concentration and HVAC energy consumption both AME and DEE

No
Filter

MERV
8

MERV
9

MERV
10

MERV
 11

MERV
12

MERV
13-15

MERV
16

Annual average PM2.5 concentration (μg/m³),
Seoul

AME 26.33 26.33 19.75 13.16 9.21 5.27 2.63 1.32

DEE 27.20 27.20 20.40 13.60 9.52 5.44 2.72 1.36

PM2.5 reduction ratio, Seoul 3.2% 3.2% 3.2% 3.2% 3.2% 3.2% 3.2% 3.2%

Annual average PM2.5 concentration (μg/m³),
Shanghai

AME 48.73 48.73 36.55 24.36 17.06 9.75 4.87 2.44

DEE 49.69 49.69 37.26 24.84 17.39 9.93 4.97 2.48

PM2.5 reduction ratio, Shanghai 1.9% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9%

Electricity demand (kWh), Seoul
AME 4,119.5 4,299.0 4,418.4 4,418.4 4,418.4 4,418.4 4,538.6 4,538.6

DEE 4,086.2 4,265.0 4,384.0 4,384.0 4,384.0 4,384.0 4,503.8 4,503.8

Rate of energy increase, Seoul 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8%

Electricity demand (kWh), Shanghai
AME 5,885.0 5,933.3 6,065.9 6,065.9 6,065.9 6,065.9 6,199.1 6,199.1

DEE 5,848.1 5,894.5 6,026.7 6,020.7 6,020.7 6,026.7 6,159.0 6,159.0

Rate of energy increase, Shanghai 0.65% 0.65% 0.65% 0.65% 0.65% 0.65% 0.65% 0.65%
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It can be applied with commercial building commonly

used MERV 8 or MERV 9.

The exceeding time increased slightly according to the

simulation results of MERV 12 by WHO standard in

Table 7. It is considered that the air-side economizer

operation stopped as AQI exceeded 100 because of other

pollutants not PM2.5. In this research, the air-side econo-

mizer operation stops to prevent the increase of indoor

ozone amount when AQI exceed 100 due to ozone. There

are high concentration of ozone, low concentration of

PM2.5 as described in Table 8. On the contrary, indoor

PM2.5 concentration will increase when air-side economi-

zer stops operating because indoor air has higher PM2.5

concentration than outdoor air. Therefore, little time of

exceeding PM2.5 standard threshold recommended by

WHO increases.

Even though PM2.5 concentration slightly increase in

MERV 12 by WHO standard in Shanghai, overall indoor

PM2.5 concentration decreased in Seoul and Shanghai via

AME without related MERV rating because the main

reason of air pollution in both cities is PM2.5.

5. Conclusion

As outdoor air is contaminated by PM2.5, PM10, ozone,

carbon monoxide, nitrogen dioxide, and sulfur dioxide, as

in recent years, increasing numbers of people suffer from

illnesses like respiratory and heart disease. To improve

IAQ, AQI is applied to an air-side economizer as a con-

trol that monitors the outdoor air quality state automatic-

ally during air-side economizer operation. Research find-

ings are as follows when operating AME rather than DEE.

It reduces the annual PM2.5 accumulation, the annual ave-

rage PM2.5 concentration and decreases the total number

of minutes exceeding PM2.5 threshold both local and WHO

standards.

Table 6. Reduction in time of exceeding PM2.5 standard threshold in Seoul

Unit (min)
No filter &
MERV 8

MERV 9 MERV 10 MERV 11 MERV 12 MERV 13-16

South Korean Standard
AME 42,819 22,420 931 0 0 0

DEE 51,434 25,915 3,063 22 0 0

Time reduction 8,615 3,495 2,132 22 0 0

WHO Standard
AME 224,861 124,209 42,819 12,155 0 0

DEE 227,264 130,839 51,434 16,452 129 0

Time reduction 2,403 6,630 8,615 4,297 129 0

Table 7. Reduction in time of exceeding PM2.5 standard threshold in Shanghai

Unit (min)
No filter &
MERV 8

MERV 9 MERV 10 MERV 11 MERV 12 MERV 13-15 MERV 16

Chinese
Standard

AME 87,076 28,666 6,057 534 0 0 0

DEE 90,495 34,048 6,947 1,658 0 0 0

Time reduction 3,419 5,382 890 1124 0 0 0

WHO
Standard

AME 425,917 336,658 188,867 97,102 16,078 18 0

DEE 426,229 338,751 194,856 104,261 15,694 661 0

Time reduction 312 2,093 5,989 7,159 -384 643 0

Table 8. Other pollutants causing AQI exceeding 100 in Shanghai (Ministry of Environmental Protection of the People’s
Republic of China)

Time AQIPM2.5 AQIPM10 AQIO3 AQISO2 AQINO2 AQICO AQI Main Pollutant

2015-04-23 87 69 113 22 89 20 113 O3

2015-04-24 85 79 49 23 108 23 108 NO2

2015-04-26 74 65 140 19 55 15 140 O3

2015-04-28 97 71 112 20 50 25 112 O3

2015-05-13 62 72 127 23 70 18 127 O3

… … … … … … … … …

2015-09-04 94 66 155 15 29 25 155 O3

2015-09-11 39 46 104 15 49 15 104 O3

2015-10-03 54 59 114 13 40 18 114 O3

2015-11-12 78 61 21 15 102 25 102 NO2

2015-11-28 92 73 26 21 112 28 112 NO2
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MERV 12 to 16 are so efficient that we found no

difference in PM2.5 concentration during AME operation.

However, under the MERV 11, AME operation improves

indoor air environments as blocking air pollutants.

In considering HVAC energy consumption, AME use

consumed more electricity overall, particularly in chiller,

but there was little impact to total annual energy con-

sumption. Therefore, AME use can achieve a good indoor

air environment for occupants’ health with a small inc-

rease in energy consumption in commercial buildings.
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