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Abstract

Maintaining indoor air pollutants under acceptable levels is significant to protect
occupants from exposure to excessive air pollutants in natural ventilation. In this paper,
using the representative air pollutant concentration data, we present the natural
ventilation usability with associated cooling energy saving potentials in different location
settings (urban and city center, suburban and rural) of the US under the influence of local
weather conditions and major outdoor air pollutants, i.e. PM2.5, PM10 and ozone. In the
analysis, the impacts of air pollutants on natural ventilation are usually higher in
urban/suburban areas than rural areas (up to 25% difference) with the PM2.5 being the
most significant outdoor air pollutant affecting natural ventilation usage. Ozone could
become an influential source of natural ventilation as moving from urban to
suburban/rural areas. As to the cooling energy saving considering the impacts of outdoor
air pollutants, natural ventilation is estimated to save approximately 10% to 35% cooling
energy (800 ~ 2500 Kwh per small commercial building) annually in different location
settings of investigated areas across the US. The following economic analysis
demonstrates that these electricity savings lead to approximately 80 to 450 dollars annual
savings of operation cost per building. If the time of use rate is adopted, these cost
savings could further increase by approximately 20% (Los Angeles) to more than 50%
(Phoenix and Albuquerque) depending on time of use rate structures, which further
demonstrates the potential of adopting natural ventilation as a sustainability measurement
with benefits for building owners without compromising occupants health.

1. Introduction

Natural ventilation (NV), which utilizes the pressure difference caused by natural
wind effect (wind-driven) or thermal buoyance (stack-driven) for air exchange of
buildings [1], has been a popular sustainable feature in the building design with
increasing awareness of owners and designers for sustainability these years. Its major
benefits fall into two aspects — energy saving and improved occupant health. On the first
place, by supplying the fresh air without fan and reducing the cooling load associated

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



with it, natural ventilation has been proven to be an effective passive cooling strategy to
reduce the cooling energy in the building operation [2, 3]. A former study has indicated
that there existed a potential of 5% - 50% of energy savings in the major cities of the
world by employing the natural ventilation for cooling [4]. Specially in the US, utilizing
natural ventilation as supplementary cooling is capable of saving more than 50% of
cooling energy in the natural ventilation favorable climates and 10% - 20% for most of
climates considering uncertainties of building operation and ventilation control
intelligence [5]. In addition, natural ventilation has the potential of improving occupant
health and performance by providing higher ventilation rate compared to the mechanical
ventilation when it is appropriately designed. Past studies [6, 7] have indicated that the
prevalence of sick building syndrome, including lethargy, blocked nose, headache etc.,
would be reduced if natural ventilation is adopted.

To further protect health of occupants, controlling indoor air quality is of
significance considering the long span of time a person spends in the indoor environment.
The indoor environment with poor air quality could not only affect occupant health due to
the exposure to noxious pollutants [8], but also impact on working productivity.
Researchers have simulated the indoor environment with different air quality levels and
reported the significant increase of cognitive scores for workers in the “Green +” days
with a higher air ventilation rate and lower indoor air pollutant levels [9]. In the indoor
environment, the air pollutants could be emitted from various indoor activities such as
combustion (e.g. heating), building fabric and material, office works (e.g. printing) [10,
11]. However, for certain pollutants, outdoor sources could be the main contributors as
well. Among these pollutants, the Particulate Matter (PM2.5, PM10) and ozone have
been proven to be the most significant pollutants that could severely impact on human
health [12].

Particulate Matter (PM) represents a broad class of substances that are formed
either chemically or physically. These are of various sizes and exist as discrete particles
(whether liquid droplets or solids) in the air [13]. Based on the aerodynamic diameter of
particles, PM can be further grouped into PM10, inhalable particles with diameters of less
than or equal to 10 micrometers, and PM2.5, fine particles 2.5 micrometers or less in
diameter [14]. PM2.5 is either directly emitted from pollutant sources or formed by the
oxidation of precursor gases and the reactions of acidic products, while PM10 is mainly a
primary pollutant that is released directly into the atmosphere [15]. In city areas, these
pollutants could come from both nature and anthropogenic activities, which include but
not limited to traffic transportation, energy generation, construction etc. [16, 17].
Numerous medical studies have identified particle exposure as the source of a range of
health problems, including lung disease and other respiratory symptoms, as well as
premature death [18, 19, 20].

In addition to Particulate Matter, ozone also has detrimental health impacts on
human health through long-term and short-term exposure, including respiratory
symptoms, cardiovascular diseases, central nervous system effects and mortality [21,22].
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Ground level ozone is a secondary pollutant that is formed by the chemical reactions
between nitrogen oxides (NOXx) and volatile organic compounds (VOCs) driven by
sunlight [23]. The indoor concentration of ozone can also produce other ozone-initiated
oxidation products, such as formaldehyde and acrolein, which further aggravates its
impacts on occupant health [24].

2. Literature Review

To shield occupants from exposure to excessive air pollutants, researchers have
investigated the relationships between ventilation strategies and indoor air quality during
building operation. Firstly, as to the Particulate Matter, Zhang et al [25] have simulated
the indoor PM2.5 concentration under natural ventilation, mechanical ventilation and
hybrid ventilation strategy for an apartment in the northern part of China. They concluded
that natural ventilation achieved the largest PM2.5 unacceptable time ratio and the indoor
particulate filtration was necessary to ensure the indoor air quality in dwellings of
northern China. Liu et al [26] have investigated the influence of natural ventilation rate
on indoor PM2.5 deposition and indicated the importance of considering the correlation
between PM 2.5 deposition velocity and natural ventilation rate in PM2.5 Indoor/Outdoor
ratio prediction. Canha et al [27] have studied the indoor air quality under different
ventilation settings in an apartment located at the urban area of Portugal. The monitoring
results showed that the “open door and open window” scenario leaded to the highest
concentration of Particulate Matter, which exceeded the limit of local indoor air quality
control guideline. Similarly, Ji and Zhao [28] have modelled the PM2.5 concentration in
both “window open” and “window close” scenarios and illustrated the outdoor-
originating PM2.5 as the most significant contributors of indoor PM2.5 concentration,
especially when window are open (over 90% contribution). Specially for the indoor air
quality of classrooms, Stabile et al [29] have studied the PM concentrations
corresponding to outdoor levels under different airing methods. The authors presented the
different impacts of airing strategies on the indoor air pollutant concentration in terms of
sizes and origins. Likewise, Trompetter et al [30] have monitored the concentration of
PM10 in two classrooms during the winter season of New Zealand and found
significantly less indoor air pollutants in the classroom with a solar air heated ventilation
unit. Also, to control the Particulate Matter in the indoor environment, a new ventilation
system considering outdoor air pollutants was proposed for reducing the occupant
exposure to PM10 in the subway platform [31]. Quang et al [32] have assessed the
efficacy of using different types of filters for indoor air pollutant control (PM2.5) in
mechanical ventilation and indicated the importance of filter selection and outdoor air
intakes in the HVAC design.

Then, as to the ozone, Walker and Sherman have simulated different ventilation
strategies and concluded that the exhaust ventilation system could produce lower indoor
ozone concentration in residential settings [33]. Also, Lai et al [34] have studied the
indoor/outdoor ratio of ozone concentration with different ventilation systems through
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measurements. The results illustrated that this ratio would most commonly be high in
natural ventilation. Wang and Chen [35] have examined the ozone and its associated
production in the indoor space under displacement ventilation. They concluded that the
increase of air exchange rate was effective in diminishing the ozone product exposure.

There also exist studies that investigated the influence of ventilation strategies on
indoor concentration of both Particulate Matter and ozone. For example, a multi-
contaminant model (ozone and particles) was developed and simulated with the demand-
controlled ventilation (DCV) to study the impacts of DCV on the indoor air quality in six
US cities [36]. The study presented that the implementation of DCV with morning flush
would have positive effect on indoor air pollutant concentrations. Ben-David and Waring
have also studied the impacts of natural ventilation and mechanical ventilation on indoor
concentrations of ozone, fine particles and other pollutants in fourteen US cities with
measured data [37]. The natural ventilation helped to reduce the indoor concentration of
ozone while increasing the indoor/outdoor ratio of PM. The tradeoff between energy
saving and indoor air quality was clearly presented.

Hence, based on literatures above, natural ventilation, as a bridge between indoor
and outdoor space, could possibly make buildings be more vulnerable to the adverse
outdoor environment thus increasing health risks of occupants if natural ventilation
operation is not properly controlled. This situation could become severe if building
occupants are under continuously long-term or short-term excessive exposure of
pollutants. Consequently, to make better use of natural ventilation, researchers have
presented the influence of outdoor air pollutants on natural ventilation in a large scale.

The studies have covered a large portion of the world, including the European
cities, China and several megacities in Asia. As one of the earliest works in this field,
Martins and da Graca have conducted a two-stage analysis to study the impact of PM2.5
on natural ventilation across large metropolitan areas in the California [38]. Using both
PM2.5 and weather records, they demonstrated a decrease of 20-60% energy saving
across these metropolitan areas when natural ventilation is only applied in the periods
with low outdoor particle concentration. An inappropriate use of natural ventilation could
lead to more than 400% increase of outdoor-originating PM2.5 in the indoor
environment. Similarly, they have conducted studies in nine European cities and three
megacities in the Asia [39, 40]. The results showed that the work hours suitable for
natural ventilation could be reduced up to 90% in these European cities and 60% in three
megacities (New Delhi, Shanghai, Beijing) of the Asia. The highest energy saving
occurred in Lisbon and Shanghai respectively if the outdoor air pollutant is considered
during natural ventilation operation. Finally, Tong et al [41] have evaluated the energy
saving potential of employing natural ventilation in 35 major cities of China considering
the impact of outdoor air pollutants. The air quality index (AQI) was used as the
indicators of outdoor air quality. 8% - 78% cooling energy saving was reported across
different regions of China.
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Despite the efforts above, none of these studies has provided the investigation of
natural ventilation usability with sufficient resolution by distinguishing the impacts of
major outdoor air pollutants (PM2.5, PM10 and ozone) and weather conditions in
different location settings, i.e. urban and city center, suburban, and rural areas, of large
metropolitan areas of the US. These differences of major outdoor air pollutant
concentrations and weather conditions could be significant in different location settings,
thus, leading to different natural ventilation potential reduction and associated energy
savings, all of which are still unknown in the current practice of natural ventilation
design. In addition, the data from past studies are typically from just one or averaged over
very few pollutant recording sites, which could hardly be representative of the actual
outdoor air pollutant status in those location settings. With this, the reliability of
investigation is undermined. Finally, the implications of these cooling energy savings of
natural ventilation to building annual operation cost savings under different electricity
tariff structure are also unclear, which hinders the adoption of natural ventilation in
practice.

To close these gaps, in this study, by distinguishing impacts of air pollutants and
weather conditions in different location settings, i.e. urban, suburban and rural areas, we
will present the results of natural ventilation usability with associated cooling electricity
saving and economic benefits across the US under the influence of major outdoor air
pollutants and local weather conditions. To fulfill the purpose, we have collected and
analyzed approximately 10 million major air pollutant records (after filtering) with
corresponding local weather conditions from hundreds of monitoring sites across large
metropolitan areas of the US. In the analysis, we have also employed a mathematical
method to select the representative air pollutant data that could reflect the average
outdoor air pollutant concentration level in each location setting of investigated areas.
Then, based on the selected data, we have thoroughly discussed the difference and
influence of each outdoor air pollutant on natural ventilation usage in different location
settings with local weather conditions. To provide decision makers a clearer picture of
benefits of utilizing natural ventilation across the US, we also mapped out the cooling
electricity saving and corresponding economic benefits when both normal electricity rate
and time of use (TOU) rate are adopted for electricity expense calculation. This will
make the results be more easily and practically applied in the natural ventilation design
practice.

The paper is organized as follows: Section 3 presents the main methodologies
used in this work; Section 4 dictates the investigation results of the study; Section 5 is
about the discussion of the results; Section 6 concludes this paper.

3. Methodology

In this section, we present the main settings of our investigation in terms of
investigated areas, baseline buildings, collected data, applied air pollutant standard, the
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descriptive data analysis approach, designed natural ventilation control strategies and
comparison scenarios to investigate natural ventilation usability and cooling energy
saving potentials achieved by natural ventilation. The overall workflow for the study is
shown in Fig 1. Briefly speaking, on the first place, we selected one or two representative
metropolitan areas with corresponding baseline small commercial buildings in each
climate zone (Section 3.1). Then, to prepare for the later analysis with respect to cooling
electricity savings achieved by natural ventilation, we continued to clean and pre-process
the collected outdoor air pollutant and weather data from the EPA website, and select
relevant air pollutant standard (Section 3.2). As a part of air pollutant analysis process,
we also defined two metrics for the descriptive data analysis to obtain a general sense of
the difference of air pollutant levels in different location settings. Then, the most
representative outdoor air pollutant concentration data with local weather conditions were
selected for estimating the influence of outdoor air pollutants on natural ventilation
(Section 3.3). As the next step, we further developed the hybrid ventilation operation
strategy with indoor air pollutant control for later investigation (Section 3.4). Finally, we
designed the comparison scenarios to estimate the cooling energy saving potentials and
the influence of outdoor air pollutants on natural ventilation usability across the US

(Section 3.5).
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Figure 1. Overall Workflow for Cooling Energy Saving Potential Estimation

City Selection and
Baseline Building
Establishment

3.1 Investigated Regions and Baseline Buildings

According to the IECC (International Energy Conservation Code) map [42]
shown in Figure 2 below, United States could be classified into diverse climate regions
based on temperature and humidity. In the investigation, we have covered climate zone 2
— 6 (from hot to cold) with all types of humidity levels (dry, humid, marine). One
representative metropolitan with its nearby areas was selected for each climate zone as
suggested by US Department of Energy [43]. For the climate zone 3B, since Los Angeles
is proven to have great potential of energy saving in using natural ventilation [5], we put
it into our analysis as well in addition to Las Vegas. On the other hand, Alaska was not
considered in the analysis due to its extreme cold weather. Also, because of the lack of
valid pollutant data, we left out climate zone 1A — Miami and 5B - Denver as well. All
cities we have investigated are listed in the Table 1. Overall, the study includes 11
climate zones with 12 representative cities.
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Figure 2. Climate zones in the US

Table 1. List of Climate Zones and Representative Metropolitan Areas

Climate Zone | Description Representative City
Zone 2A Hot-Humid Houston, TX

Zone 2B Hot-Dry Phoenix, AZ

Zone 3A Mixed-Humid Atlanta, GA

Zone 3B Hot-Dry, Coast Las Vegas, NV; Los Angeles, CA
Zone 3C Marine San Francisco, CA
Zone 4A Mixed-Humid Baltimore, MD
Zone 4B Mixed-Dry Albuquerque, NM
Zone 4C Marine Seattle, WA

Zone 5A Cold-Humid Chicago, IL

Zone 6A Cold-Humid Minneapolis, MN
Zone 6B Cold-Dry Helena, MO

Correspond to each of investigated area above, the baseline buildings in this study
are small commercial reference buildings [43], which constitute the largest portion of
commercial buildings in the US. Overall, the small commercial reference building is
composed of five zones (one center zone and four parameter zones) with the U value of
the exterior wall and window decreases while the Solar Heat Gain Coefficient (SHGC)
increases from hot to cold climate. More specifically, the U values of exterior wall
decrease from 2.4 W/m?K in Houston and Phoenix to 0.6 W/m?K in Minneapolis and
Helena. The U values of windows are 3.24 W/m?K except for Houston, Phoenix and San
Francisco (5.84 W/m?K). The roof U value is kept as constant 2.2 W/m?K with the
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window-wall ratio as 21% across all investigated areas. The building is assumed to
operate from 8 A.M. to 6 P.M. in weekdays. In off hours, the lighting consumption ratio
is set to 0.05 while the appliance running ratio is set to 0.4 as defined in the baseline
buildings. As to the building system, a packaged air conditioning system with constant air
volume for air distribution is installed in each building zone. The nominal cooling COP is
3.67 while the fan total efficiency is 0.53. The outdoor air supply rate is 0.6 ACH
according to the reference model setting.

3.2 Data and Analysis
3.2.1 Data Description and Air Pollutant Standard

The data of this study are all provided by US Environmental Protection Agency
(US EPA). In each investigated area, US EPA has deployed tens to hundreds of
monitoring sites to track the outdoor air pollutant status in different location settings, i.e.
urban, suburban and rural areas. The collected data include the records of major outdoor
air pollutants, i.e. PM2.5, PM10, and ozone, from 2012 — 2016. After downloading all
data of these monitoring sites, we pre-process these data with filtering and cleaning. The
monthly data with more than 5% missing records or more than 12 consecutive missing
records were left out of this study. Then after data filtering, we further processed the
remaining data using linear interpolation as suggested for data cleaning with simple
patterns [44]. The data after this pre-processing are assured with good quality such that
they are reliable for investigations later.

In this study, the PM10 data was severely missing in different location settings of
Houston, Atlanta, San Francisco, Baltimore, Seattle, Chicago and Helena. The data for
rural Los Angeles and Minneapolis is also absent. The insufficiency and poor quality of
data are the main reasons of these missing data after filtering. On the other hand, for
PM2.5, only the data for urban Atlanta and rural Houston, Los Angeles and Minneapolis
are missing (in addition to the urban data for Chicago, which is missing for one month).
Finally, most of the ozone data sets are complete as well. The data for urban Atlanta,
Baltimore and Helena, suburban Helena and rural Los Angeles is missing, while the data
for urban Chicago, suburban Seattle and rural Atlanta, Baltimore, Seattle, and
Minneapolis are incomplete.

As to the weather data, the local weather data associated with the selected air
pollutant data of each location setting of the investigated areas was utilized. If the
corresponding local weather data is missing, the Typical Meteorological Year (TMY) 3
[45] of that specific area was used as replacement in the analysis. Finally, for quantifying
the influence of outdoor air quality, the US National Ambient Air Quality Standards
(NAAQS) [46] was used as the criteria for acceptability of air quality. Specifically, the
PM2.5 level is considered to be unacceptable if it exceeds 12 pg/m3, with the PM10 and
ozone as 150 pg/m3 and 0.07 ppm, respectively.
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3.2.2 Metrics for Data Analysis

To investigate the difference of air pollutants in different location settings and
help the representative data selection process, we utilized the Finkelstein-Schafer (FS)
statistics [47] to quantify the difference of data. The equation for the FS statistics is
shown in Equation (1) below:

FS = () Bia 0, @

where n is the division number in the cumulative distribution function (CDF) and §; is
the absolute difference between two CDFs at point x;. The FS statistics measures the
average difference of two CDFs based on the division we have defined.

In addition to the difference in air pollutants between different location settings
measured by the FS statistics above, we also investigated the correlation of each outdoor
air pollutant in different location settings using Spearman’s rank correlation coefficient
[48], as shown in Equation (2) below:

_ __ cov(rkx,rky)
Vs = prkx,rky - 4 (2)
T'kXO-TkY

where p denotes the Pearson correlation coefficient [49]; rky and rky are the ranks for
variables X and Y, respectively; cov represents the covariance; and o, and o, are the
standard deviations of the rank variables. The Spearman’s rank correlation coefficient
serves as a non-parametric indicator for measuring the possible monotonic relationship
between two variables. Unlike the Pearson correlation coefficient, which can only measure
the linear relationship between variables, the Spearman’s rank correlation coefficient can
uncover the nonlinear relationship since the correlation calculation is based on rankings
instead of values. Given the complex relationship of air pollutants between different
location settings, we considered it an effective index for correlation measurements for our
purposes.

3.3 Typical Air Pollutant Data Selection

To select the typical concentration data of each outdoor air pollutant from the
large volume of data for each location setting, we implemented the following approach
that accounts for both difference of cumulative distribution functions and data variation
trend in the representative data selection [50]:

(1) Using the FS statistics (Equation (1)) to define the difference, we first selected the
five candidate months with the most similar cumulative distribution function to the
long-term cumulative distribution function of our interested variable.

(2) We then ranked these five candidate months according to the proximity of each
month to the long-term mean and median.

(3) For each candidate month, we determined the frequency and run length of
consecutive days with concentration levels above the 67th percentile and below the
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33rd percentile. Then the candidate months with the longest runs, most runs and zero
runs were excluded as candidates to ensure the persistence of the selected
representative data.

(4) The highest ranked month from step (2) that was still left was then selected as the
representative month. Thereafter, the selected 12 months were concatenated and
smoothed as representative data for the whole year.

Overall, based on the defined criteria and procedures above, the selected hourly air
pollutant data is considered as the representative of air pollutant concentration level in that
area in term of both long-term cumulative distribution and the air pollutant fluctuation
patterns.

3.4 Hybrid Ventilation Control Development

To fully employ the natural ventilation for energy saving without sacrificing the
thermal comfort and protecting building occupants from excessive exposure to air
pollutants, we have developed a hybrid ventilation strategy considering the influence of
outdoor air pollutants on the indoor environment [51]. Hybrid ventilation depicts the
building operation mechanism, in which the building could switch between air
conditioning mode and natural ventilation mode during its operation based on defined
operation rules. Fig 3 shows the flowchart of the developed hybrid ventilation control
strategy. Overall, the control strategy is composed of two components, one of which is an
emulator used for indoor air pollutant control while the other is for the indoor thermal
environment control. The indoor air pollutant concentration level, outdoor air pollutant
concentration and outdoor wind air speed serve as the inputs for the emulator to predict the
indoor air pollutant concentration when the window is open. The outdoor air temperature,
relative humidity and wind speed are used by the indoor thermal environment control
component to ensure the occupant thermal comfort. More specifically, to control the indoor
thermal environment, the natural ventilation is allowed when all of following criteria are
met, i.e. (1) the outdoor air temperature falls between 19 °C and 26 °C, (2) the outdoor
wind speed is less than 7 m/s, (3) the relative humidity is less than 75% when the outdoor
air temperature is higher than 24 °C. In this control, the temperature thresholds were set as
a conservative bound for natural ventilation as suggested by the adaptive thermal comfort
model in the ASHRAE 55 [52]. Also, the limit of outdoor wind speed for natural ventilation
was defined to avoid the draught in buildings [53] while the restriction on humidity was
applied according to the recommendation from the World Health Organization [54].
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Fig. 3. Control Strategy for Hybrid Ventilation Control

Except for the indoor environment control component, to facilitate the integration
of air pollutant simulation into the building control, we have developed an emulator for
indoor air pollutant control. Its training and implementation are shown in the Fig. 4. In the
training stage, we have utilized the airflow network and air pollutant modeling to train an
emulator that is capable of predicting the indoor air pollutant concentration based on the
three input variables, i.e. outdoor air pollutant concentration, indoor air pollutant
concentration from last time step and the outdoor wind speed. To generate the training data
for the emulator establishment, we employed the airflow network module in EnergyPlus
[55] to calculate the flow rate of interzone airflow and indoor-outdoor airflow on the first
place. The air pollutant modeling based on the principle of mass conservation was then
exploited to simulate the indoor air pollutant concentration levels with the calculated air
exchange rate from the flow simulation and indoor and outdoor pollutant concentration. In
the air pollutant modeling, we estimated the deposition rate for PM2.5 (0.2 h~1) based on
empirical studies [56,57], and calculated the deposition rate of PM10 and ozone (2.2 and
1.5 h~1 for each) [58,59]. The indoor air pollutant sources are neglected in the analysis
since the aim of study is to quantify the influence of outdoor air pollutant on the indoor
environment. These simulation results from air pollutant modeling were then used as the
training data of our emulator for indoor air pollutant level prediction. One emulator was
established for each air pollutant in the control. The training performance was shown to be
satisfactory with the coefficient of determination (R?) higher than 95% and the mean
absolute errors low in training. These indicate our established emulators to be able to
predict the indoor air pollutant concentration with the three input variables presented above.
Then in the implementation stage, we used these trained emulators to predict the indoor air
pollutant concentration and the NAAQS standard to determine whether that specific period
is suitable for natural ventilation or not.
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Figure 4. Flowchart of training and implementation of air pollutant control

Overall, in this hybrid ventilation operation strategy, the building windows are
closed when either the outdoor weather is not favorable (control decision from the Indoor
Climate Control component) or the prediction of indoor air pollutant exceeding the air
pollutant standard such that the occupants have the risk of exposing to excessive air
pollutant originated from outdoor environment (control decision from the Air Pollutant
Control component).

3.5 Comparison Scenarios

Finally, to quantify the influence of outdoor air pollutants on natural ventilation,
we have compared two hybrid ventilation operation strategies that consider outdoor air
pollutants vs. not during building operation. Briefly speaking, for the baseline hybrid
ventilation operation strategy that doesn’t account for outdoor air pollutants during
building operation, we use the hybrid operation strategy defined above (Section 3.4)
while excluding its component for indoor air pollutant control. In this case, the building
operates only based on outdoor environmental conditions and maintains the comfortable
indoor environment during natural ventilation. This strategy is named as “NoAirPol” later
since it doesn’t account for outdoor air pollutant during natural ventilation operation.
Then, for fair comparison, we have implemented the hybrid ventilation strategy defined
in Section 3.4 as the scenario for running natural ventilation considering outdoor air
pollutant (named as “AirPol”) in different location settings. In the simulation, when the
baseline building operates in the air conditioning mode, the nominal filtering efficiencies
for PM2.5, PM10, and ozone are assumed to be 24%, 70%, and 40%, respectively, based
on former literatures [60, 61, 62]. The difference between the “NoAirPol” and “AirPol”
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strategy was then calculated as the influence of outdoor air pollutants on natural
ventilation usability.

In addition to investigating the influence of outdoor air pollutant on natural
ventilation, we compare the scenario (1) the baseline building (defined in Section 3.1)
operates in air conditioning mode in the cooling periods, (2) the baseline building
operates in “AirPol” strategy (defined in Section 3.4) in different location settings to
quantify the energy saving potentials of running natural ventilation across these
investigated areas. Based on our settings, the saved energy incorporate energy for both
outdoor air cooling and fan usage during building operation hours (8 am to 6pm). The
results for these scenario comparisons with respect to both influence of outdoor air
pollutant on natural ventilation and the energy saving potentials of natural ventilation are
presented in Section 4.3 and 4.4 below. To generate the simulation results, we utilized the
BCVTB [63] for co-simulation with the control strategy implemented in Matlab and
baseline buildings in EnergyPlus. Fig 5 shows the co-simulation setup in BCVTB.

HoGQERAAZPHOS =004
SOF Director
e timeStep: 5°60

e EPSimuator ® beginTime: 0
S o endTime: 365*24°2*30°60

ﬁ Display

Matlab

iy Display2

Fig. 5 Co-Simulation Setup in BCVTB

4. Results
4.1 Descriptive Data Analysis Results

After the two measures for the descriptive data analysis were defined, we
implemented the descriptive data analysis for a general understanding of difference and
correlation of outdoor air pollutant concentration levels across different location settings.
On the first place, we generated and compared the long-term cumulative distribution
function of the pollutant data in each location setting using the FS statistics to infer the
difference of air pollutants in the climate zone level. Moreover, we calculated the
correlation of hourly data for each category of air pollutant between different location
settings month-by-month. Finally, we averaged both the monthly difference and monthly
correlation over a year to generate a point estimate, which is shown in Figures 6 and 7.
Figure 6 shows the difference of air pollutants concentration levels (PM2.5, PM10, and
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ozone), while Figure 7 presents the correlation of air pollutants between different location
settings in different climates zones of the US.

From the FS statistics of different pollutants between different location settings, we
find a typical difference of 5-15% in the climate zone level. This difference is particularly
large (up to 20%) for PM10 in colder climates (Climate Zone 6A and 6B), where the
atmosphere is more stable. Moreover, the significant (mostly larger than 10%) difference
in 0zone concentrations between urban and rural areas is noticeable in almost all climate
zones. The FS statistics for PM10 and ozone for climate zone 4C (Seattle) is missing due
to insufficient data after filtering. The Spearman’s rank correlation coefficient, as shown
in Figure 7, demonstrates that Particulate Matter is typically moderately to strongly
correlated between location settings (with Spearman coefficients ranging from 0.5 to 0.8)
with the correlation of PM2.5 between location settings being higher than that of PM10.
Levels of ozone are also strongly correlated between different location settings (with
Spearman coefficients exceeding 0.8), without any differences being evident between
urban—rural, urban—suburban or suburban-rural settings.
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Figure 7. Correlation of air pollutant between different location settings

Table 2 sets out the summary of the descriptive statistical analysis of the difference
and correlation for outdoor pollutant data across the US. All these values were calculated
as the mean over all investigated climate zones, according to the results shown in Fig. 6
and 7. From the table, we can observe that the difference in air pollutants between suburban
and rural, and between urban and rural areas is non-negligible, especially for ozone
concentration, which reaches an average of 12% across the US. Furthermore, the average
concentration difference of PM10 between urban and rural areas reaches approximately
10%.

As for the correlation, PM10 concentration is, on average, only moderately
correlated with different location settings (0.4-0.6), while the ozone level is always
strongly correlated across the US. These results are reasonable since PM10, as a heavy
pollutant that is not easily transportable, is more readily influenced by local sources and as
such is concentrated locally. On the other hand, the ground level ozone chemistry is heavily
driven by sunlight, which makes it consistently and highly correlated among different
location settings. Finally, the average correlation of PM2.5 lies between PM10 and ozone,
being moderately to strongly correlated among different location settings (approximately

0.7).
Table 2. Summary of Descriptive Statistical Analysis Results
Urban—Suburban Urban—Rural Suburban—Rural
FS Correlation FS Correlation FS Correlation
PM2.5 0.04 0.75 0.07 0.66 0.06 0.67
PM10 0.05 0.59 0.09 0.42 0.08 0.47
Ozone 0.05 0.89 0.12 0.87 0.09 0.91

4.2 Typical Air Pollutant Data Selection Results
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Figure 8 shows the typical air pollutant data selection results for each air pollutant
in different location settings using the FS statistics as the criteria. As shown, the FS
statistics are almost always lower than 5% in all cases, which dictates there only exist
small difference of cumulative distribution function of air pollutant concentration
between our selected air pollutant data and long-term air pollutant concentration in
corresponding location settings of investigated areas. Hence, we can conclude that the
selected outdoor air pollutant data are representative. In the selection, the largest
deviation occurred when we selected the representative PM2.5 concentration data in rural
San Francisco and Las Vegas (10% and 9% deviation respectively). These deviations
were mainly caused by the lack of valid pollutant records after filtering.
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Figure 8. FS statistics for representative pollutant data selection

4.3 Influence of Outdoor Air Pollutants on NV and Energy Saving Potentials in Different
Location Settings of the US

Finally, utilizing the selected outdoor air pollutant data and the developed hybrid
ventilation control, we generated the impacts of major outdoor air pollutants on natural
ventilation usability across different location settings of our investigated areas. The
summary table for the investigation results is presented in the Table 3. In the table, the
“Reduction Percentage of Natural Ventilation Hour Considering Air Pollutants” was
calculated as the difference of available natural ventilation hours between the “AirPol”
and “NoAirPol” strategy divided by the available natural ventilation hours of “NoAirPol”
strategy. Also, the superscripted (1), (2) and (3) indicate that that number is calculated
when PM2.5, PM10, or ozone data, are either partially or completely missing,
respectively. The “NA” means “Not Applied” since all air pollutant data are missing in
that area. Since PM2.5 was shown as the most significant pollutant in the natural
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ventilation usage [51], the numbers with a superscript (1) in this table should be carefully
used.

From the Table 3, we can firstly observe that the influence of outdoor air
pollutants on natural ventilation varies significantly across different location settings of
the US. The most polluted urban and suburban areas are Los Angeles followed by
Chicago while for the rural area, Chicago is the most polluted area then comes with
Atlanta. As shown in the investigation, the urban areas are usually more polluted
(reductions mostly range from 10% to 30% but can be as high as 72%) than suburban
areas (most of reductions are from 5% to 20%) and rural areas (usually less than 15%
reduction). The exceptions occur in Phoenix and Helena, where natural ventilation
reduction is similar with less than 5% difference across different location settings. Also,
in Atlanta, Albuquerque and Chicago, the influence of outdoor air pollutant on natural
ventilation has become more severe as we move from urban to suburban and rural areas.

Table 3. Summary for Influence of Major Outdoor Air Pollutants on Natural

Ventilation
Reduction Percentage of Natural
Cities Urban Suburban Rural Ventilation Hour Considering
Air Pollutants
NoAirP AirPol NoAirP | AirPo | NoAirP AirPol Utban Suburba Rural
ol ol 1 ol n
Houston 450 330@ 406 344 434 42402 | 26.7%2 | 15.3%2 | 2.3%12
Phoenix 514 474 496 470 456 416 7.8% 5.2% 8.8%
(1,2, 0/(2,
Atlanta 610 61 ‘3)) 542 442 530 36229 NA 18.5% | ! 'Z)A’
Los
904 248 828 262 NA NA 72.6% | 68.3% NA
Angeles
Las Vegas 508 452 436 412 374 362 11.0% 5.5% 3.2%
Sar.l 688 490 692 562 634 6100 | 28.8%?® | 18.8%@ | 3.8%®@
Francisco
2.3 0/ (2, 0/ (2,
Baltimore | 472 | 37803 | 472 |42 si6 | asaed | 19905 | g spem | 12:0%
Albu‘éuerqu 402 380 430 366 430 372 55% | 149% | 13.5%
35223
Seattle 310 290 390 N 500 48203 | 6.5%2 | 9.7%2Y | 3.6%2
Chicago 500 34823) 432 264 348 2109 | 304%® | 38.9% | 39.7%®
1 1 (1,2,
an:ap(’h 404 342 296 | 212 | 308 | % 153% | 8.1% | 0%(129
2,3 2,
Helena 316 27423 316 28? 214 1982 10';%( 9.5%2 | 7.5%®

(MPM2.5 data is missing or partially missing, @ PM10 data is missing or partially missing, ® ozone data is
missing or partially missing

Then, to further differentiate the cause of natural ventilation reduction in different
location settings, in the Table 4, we have listed the reduction percentages caused by each
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air pollutant across different location settings of investigated areas. From the table, we
notice that PM2.5, as the most significant outdoor air pollutant that affects the natural
ventilation usability, usually shows a decreasing trend of influence from urban and
suburban areas to rural areas. This explains why the urban and suburban areas are more
polluted than rural areas as mentioned above. Except for several cities where
urban/suburban areas are less polluted than rural areas, the percentage reduction of
natural ventilation availability caused by PM2.5 reduces by 5% to 25% as we move
towards rural areas. In the investigation, this gradually reduced influence is found to be
more likely to occur in relatively warm climates (e.g. Houston, Las Vegas, San Francisco
and Baltimore) compared to the cold regions, where the reductions of natural ventilation
are usually similar or even higher in rural areas. As to the PM10, its variance of influence
across different location settings is not obvious due to the severe lacking data and its
trivial influence on the natural ventilation usage. Lastly, ozone is typically not a dominant
causal factor of natural ventilation reduction based on the investigation results. However,
in certain locations, such as suburban Los Angeles and Albuquerque and rural Chicago,
ozone plays a much more important role compared to its impact in urban areas and
becomes an influential factor in natural ventilation reduction. This increased level of
ozone in suburban and rural settings is caused by the shift of photostationary state [64] in
ozone formation. In short, as shown in the reaction below:

NO, + O, +hv e NO+ 0,
ozone at ground level is produced by the photodissociation of NO, and its reaction with
0,. Meanwhile, the generated ozone will also react with NO to produce NO, and O, and
reach equilibrium in the troposphere. In urban settings, the larger amount of NO emitted
by vehicles [65] will cause the equilibrium to shift to the left, while the further produced
NO, will also be transported to suburban and rural areas, which exaggerates the
difference of ozone level between urban and suburban/rural areas.

Table 4. Influence of Each Outdoor Air Pollutant in Different Location Settings

PM2.5 PM10 Ozone
Cities Urban | Suburban | Rural | Urban | Suburban | Rural | Urban | Suburban | Rural
Houston 25.8% 15.3% 0% NA NA NA 0.9% 0 2.3%
Phoenix 7.8% 4.4% 7.4% 0% 0.4% 1.3% 0 0.4% 0.9%
Atlanta NA 18.5% 31.3% 0% 0% NA NA 0% 0.4%
Los Angeles | 72.3% 67.3% NA 1.1% 0.2% NA 0.9% 8% NA
Las Vegas 9.8% 5% 3.2% 1.2% 0.5% 0% 0% 0% 0%
Fraiililsco 28.8% | 26.5% | 3.8% | NA NA NA | 0% 0% 0%
Baltimore 19.9% 7.6% 11.6% NA NA NA NA 0.8% 0.4%
Albuquerque | 3.5% 9.3% 11.2% 1% 4.7% 2.8% 1% 4.7% 0%
Seattle 6.5% 9.4% 3.6% NA NA NA 0% 0% 0%
Chicago 29.6% 38.4% 36.2% NA 0.5% NA 3.6% 1.8% 5.2%
Minneapolis | 11.9% 8.1% 0% 3.5% 1.4% NA 0% 0% 0%
Helena 13.3% 9.5% 12.1% NA NA NA NA NA 0%

4.4. Energy Saving Potential Investigation
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Table 5 shows the cooling electricity savings across different location settings in
all investigated areas of the US by running our baseline small commercial buildings and
comparing the scenarios defined in the Section 3.5. From the table, we can observe that
the cooling energy saving percentage difference ranges from 0.5% to 10% across
different location settings. The most significant difference of cooling energy saving
potential occurs in the San Francisco and Seattle, where utilizing natural ventilation in
rural areas could have more than 7% energy saving compared to urban areas. After taking
the influence of outdoor air pollutants into account, the San Francisco achieves the
highest percentage of cooling energy saving for utilizing natural ventilation with
approximately 30% across different location settings. Figure 9 provides a graphical view
of cooling energy saving potentials in different location settings of the investigated areas
for easier reference of readers. As to electricity energy saving amounts, regardless of
location settings, natural ventilation saves more energy in hot and mild climate zones.
More than 1700 Kwh electricity could be saved per small commercial building in all
location settings of Houston, Phoenix, Atlanta. San Francisco and Baltimore annually.

Table 5. Summary of Cooling Energy Saving Percentages Under Influence of Major
Outdoor Air Pollutants Across the US

Cities Cooling Energy Saving Potential
Saving Percentage Electricity Saving Amount (Kwh)

Urban Suburban Rural Urban Suburban Rural
Houston 10.2% 9.8% 12.4% 1891 1802 2297
Phoenix 11.1% 11.1% 10.2% 2422 2388 2182
Atlanta NA 14.8% 14.4% NA 2055 1717
Los Angeles 10.0% 11.1% NA 1058 1089 NA
Las Vegas 12.3% 12.3% 14.0% 1693 1616 1439
San Francisco 25.9% 30.3% 33.3% 1774 1942 2118
Baltimore 17.8% 19.9% 23.0% 1884 2092 2272
Albuquerque 17.9% 17.5% 17.9% 1715 1676 1715
Seattle 19.7% 23.3% 27.5% 1215 1420 1837
Chicago 18.8% 14.8% 12.2% 1794 1430 1154
Minneapolis 19.2% 18.3% 22.3% 1721 1410 1989
Helena 16.9% 17.5% 11.7% 1218 1263 852
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Figure 9. Graphical View of Cooling Energy Saving Percentages from Natural
Ventilation in Different Location Settings of the US (In the histogram, dark blue, grey
and light blue represent the energy saving percentage in the urban, suburban and rural
area, respectively)

5. Economic Analysis of Natural Ventilation Utilization
5.1 General Description of Electricity Tariff

To further support the decision making related to utilization of natural ventilation,
we have collected the electricity tariff for small commercial buildings in all investigated
areas from the DOE utility rate database [66]. Usually, the normal electricity tariff
applicable to the small commercial buildings is mainly composed of demand charge and
electricity energy consumption charge (since the fixed charge is typically much lower
compared to the demand/energy charge, it is neglected in this study). The demand charge
is usually applied to the maximum power consumption in each month while the
electricity energy rate is applied to the total monthly energy consumption (in Kwh) of the
building. Table 6 demonstrates the summary of the electricity tariff used in this study. In
our investigated areas, 5 out of 12 regions has demand charge, which ranges from 7 to 8.6
dollars per KW. As to the electricity energy rate, in most of investigated areas (8 out of
12), the electric utilities have specified different rates for peaks months (usually in
summer, from June to September, could be from May to October) and normal months,
except for Houston, Las Vegas, Seattle and Helena. The electricity energy rates are flat in
the four cities mentioned above. Also, the electricity rate is always constant in weekends
while mostly constant in weekdays throughout a day. The only exception is in Baltimore,
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where the Baltimore Gas & Electric Co has specified 10am to 7pm as peak hours with a
higher rate. Another exception is the electricity rate in the Atlanta area, where the
Southern Company has utilized layered electricity energy rate structure (0.17/0.167 dollar
for first 3000 Kwh and 0.161/0.158 dollar for 3000 Kwh to 10000 Kwh in peak/normal
months).

In addition to the traditional electricity rate, the utility companies have designed
the time of use (TOU) electricity rate these years to better align the cost of energy with
the energy price. Compared to the traditional electricity tariff structure that has flat
electricity rate during a day, the TOU rate has specified a certain period when the peak
load possibly occur during the daytime and imposed a higher rate in this period. The
lower price of electricity rate in off-peak hours provides incentives for electricity users to
shift the building load to reduce the peak load and alleviate the burden of grid. In our
investigated regions, the utilities from Phoenix, Atlanta, Los Angeles, Las Vegas,
Albuquergue, and Minneapolis have already provided the TOU rate available to
customers. Table 7 presents the TOU rate for small commercial buildings in this study.
As mentioned, the peak hours usually have a much higher electricity energy rate
compared to other hours in weekdays. In weekends, the electricity energy rate is constant
as well except for Las Vegas.

Table 6. Summary of Normal Electricity Tariff

Demand Peak Peak Month Normal Month
Cities charge | Month/Flat Weekday | Weekend | Weekday | Weekend
(KW) Rate Normal Hr | Normal Hr Normal Hr Normal Hr
Price Price Price Price
Houston 7.47 Flat NA NA 0.08 0.08
Phoenix 8.09 Pez)kblftay 0.107 0.088 0.088 0.088
Atlanta 0 Pe;k’si;“e 0.17/0.161 | 0.17/0.161 | 0.167/0.158 | 0.167/0.158
Peak, June
Los Angeles 8.34 to Sep 0.166 0.166 0.14 0.14
Las Vegas 8.57 Flat NA NA 0.065 0.065
San 0 Peak, May | 593 0.223 0.173 0.173
Francisco to Oct
Peak. June 0.13 (10- 0.11 (7-11,
Baltimore 0 ¢ ’S 20) 0.094 17-20) 0.101
0 5¢€p /0.094 /0.101
Albuquerque | 0 Petik[;fl‘;ne 0.121 0.121 0.098 0.098
Seattle 0 Flat NA NA 0.1 0.1
Chicago 700 | T etik’signe 0.068 0.068 0.074 0.074
. . Peak, June
Minneapolis 0 o Sep 0.132 0.132 0.116 0.116
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| Helena | 0 | Flat | NA | NA | o012 0.12

Table 7. Summary of TOU rate

Peak Peak Month Normal Month
cal
Cities Dehmand Month/Fl Weekday Weekend Weekday Weekend
Charge at Rate Peak rat Normal Peak | Normal | Peak Normal Peak Normal
cax rate Rate rate Rate rate Rate rate Rate
Peak, 0.15 0.121
Phoenix 3.79 May to ) 0.115 NA 0.115 (15- 0.092 NA 0.092
(15-20)
Oct 20)
Peak,
Atlanta 0 June to 0.249 0.127 NA 0.127 na | 012700 | | 0.127/0.06
(14-19) 67 7
Sep
Los Peak, 0.24/0.1 0.167
Anceles 8.34 June to 87 0.158 NA 0.158 (10- 0.158 NA 0.158
£ Sep (10-20) 20)
Peak, 0.22 0.22(13
Las Vegas 0 June to ' 0052 | 02213 1 g05 | NA 0.05 NA 0.05
(13-19) -19)
Sep
Peak,
Albuquer 0 June to 0.212 0.066 NA 0066 | 2166 0.066 NA 0.166
que (8-20) (8-20)
Aug
. Peak,
Minneapo 0 June to 0.191 0.078 NA o078 | %180 | o078 NA 0.078
lis Sep (9-21) 9-21)

5.2 Electricity Tariff Saving Results

Based on the normal electricity price and energy saving results presented above,
we have calculated the annual building operation electricity cost saving percentage and
saving amount, as shown in the Table 8. Overall, the annual electricity saving
percentages range from 1% to 4% while the annual saving amounts range from 70 dollars
to 450 dollars per building. The highest annual electricity saving amounts occur in the hot
and mild climate zones, where usually more than 200 dollars operation cost per building
could be saved by utilizing natural ventilation. Considering the high electricity price in
the Bay area, utilizing natural ventilation in San Francisco could save 370 to
approximately 450 dollars across different location settings. By decomposing these
electricity tariff savings into demand charge saving and electricity energy saving, we
found that almost all savings coming from the electricity energy savings. In a few cities
in the hot climate zone, such as Houston and Phoenix, using natural ventilation could
even increase the annual demand charge by little (10 to 20 dollars annually), which is
expected since the natural ventilation cannot decrease the peak load when the building is
operating in the extremely hot outdoor environment. Instead, natural ventilation can
potentially increase the electricity demand in some peak hours with window opened
during the daytime, although it is not much as indicated by the analysis.

Besides, Table 9 shows the electricity tariff saving when the TOU rate is used.
Compared to the normal electricity rate, the electricity tariff savings of using TOU rate
are usually equal or higher. Except for Las Vegas and Atlanta, the electricity tariff
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savings have increased by 20% (Los Angeles) to more than 50% (Phoenix and
Albuquerque). This suggests that the natural ventilation could reduce the electricity
energy consumption during peak hours specified by utilities, hence leading to higher
economic benefits.

Finally, to zoom into the operation cost savings in the finer resolution, we
presented the monthly electricity tariff saving percentages in the Fig 10 (based on normal
electricity rate). As moving from hot climate zones (e.g. Houston, Phoenix) to cold
climate zones (e.g. Minneapolis, Helena), the highest electricity cost saving percentages
shift from winter months (e.g. Jan, Feb, Nov, Dec) to summer months (Jun to Aug). In
the climate zones with mild weather (e.g. Atlanta, Los Angeles, Baltimore, San
Francisco), the highest operation savings usually occurs in shoulder seasons (e.g. Apr —
June, Sep and Oct). Hence, to promote the utilization of natural ventilation in different
climate zones, the utilities could apply different rate structures in different seasons to

maximize its

benefits.

Table 8. Summary for Annual Electricity Cost Savings (Normal Rate)

Annual Saving Percentage Annual Saving Amount (Dollars)
Urban Suburban Rural Urban Suburban Rural
Houston 1.9% 1.75% 2.4% 136.7 124.7 171.2
Phoenix 2.37% 2.44% 2.16% 212.4 218.7 193.3
Atlanta NA 3.19% 2.67% NA 326.5 273
Los Angeles | 1.36% 1.32% NA 145.2 141 NA
Las Vegas 1.77% 1.66% 1.49% 104.7 97.9 87.9
San 3.29% 3.62% 406% | 372 409 454.9
Francisco
Baltimore 3.30% 3.70% 4.08% 215.7 242.4 267.3
Albuquerque | 2.92% 2.84% 2.90% 182.1 176.8 181
Seattle 2.16% 2.52% 3.26% 1215 142 183.7
Chicago 2.14% 1.66% 1.41% 120.2 93.2 79.2
Minneapolis 3.06% 2.50% 3.55% 220.1 179.7 255.2
Helena 2.12% 2.20% 1.49% 146.2 151.6 102.2
Table 9. Summary for Annual Electricity Cost Savings (TOU Rate)
Annual Saving Percentage Annual Saving Amount (Dollars)
Urban Suburban Rural Urban Suburban Rural
Phoenix 3.06% 3.08% 2.81% 293.6 295.9 269.5
Atlanta NA 3.07% 2.60% NA 204 172.5
Los Angeles 1.46% 1.40% NA 174.9 168 NA
Las Vegas 2.13% 2.03% 2.04% 100.4 95.9 96.1
Albuquerque | 3.56% 3.42% 3.5% 310.2 297.6 304.8
Minneapolis 3.8% 3.12% 4.42% 292.6 240 339.9
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Figure 10. Monthly Electricity Tariff Saving Percentage (Suburban Areas)

6. Discussion

As to learnings from these investigation works, firstly, to make full use of natural
ventilation potential, the careful location selection of buildings should be emphasized if
designers intend to optimally employ the benefits of natural ventilation. For some cities
such as San Francisco where the large variance of outdoor air pollutant concentration
exists, utilizing natural ventilation in small to medium commercial buildings that are far
away from the city center will be much more beneficial. On the other hand, for cities such
as Chicago where overall levels of outdoor air pollutant concentration are high, building
designers should carefully plan the usage of natural ventilation to avoid the excessive
occupant exposure to outdoor air pollutants. It is recommended to conduct a thorough
study of outdoor air pollutants and their sources in the building neighborhood
environment to verify the feasibility and benefits of using natural ventilation. The
analysis has also demonstrated that PM2.5 was the most important pollutant to consider
in urban/suburban areas while the ozone could sometimes have non-negligible impacts in
rural areas.

In the practice of natural ventilation design, both building designers and decision
makers are recommended to use our works as reference if they intend to control the
influence of outdoor air pollutants on indoor environment during natural ventilation.
Considering the significant impacts of air pollutants on occupant health, controlling the
indoor air pollutant concentration is important to guarantee the benefits of natural
ventilation. To accurately estimate their influence thus helping the decision-making
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process, running a detailed study of major air pollutant sources in the building
microclimate is still considered as the best approach. However, when there exists no
resource for conducting such a detailed local environment study, our works could serve
as a good reference for estimating the influence of outdoor air pollutants on natural
ventilation usage and benefits of adopting natural ventilation. Especially in the early
stage of building design, our investigation results could be useful in the preliminary step
to see whether it is worthy of investing further on natural ventilation. With the presented
economic analysis, the building owners can directly utilize the calculated electricity cost
saving, regardless of whether they have opted for normal electricity rate or TOU rate, in a
quick lifecycle analysis to investigate the estimate return on investment of natural
ventilation. As shown, the adoption of TOU rate will further increase the economic
benefits of natural ventilation. All these benefits are subject to increase if the air quality
has further improved.

7. Conclusion

Serving as the bridge between building indoor and outdoor environment, natural
ventilation could bring in benefits such as free cooling and reduced indoor originated air
pollutants with a higher ventilation rate if designed properly. On the other hand, if it is
not appropriately used, it will potentially increase the risk of occupant health with
excessive exposure to outdoor air pollutants in unfavorable scenarios. Consequently, to
better utilize natural ventilation in practice, we have investigated the natural ventilation
usability in different location settings (urban, suburban and rural areas) of large
metropolitan areas across the US under the influence of outdoor air pollutants and local
weather. The cooling energy saving and economic benefits of using natural ventilation
were also presented to aid the decision making in the practice.

The descriptive air pollutant data analysis in the climate zone level has clearly
illustrated the difference of air pollutant concentrations across different location settings.
The investigation results later show that the outdoor air pollutants could lead to natural
ventilation hour reduction of mostly 10% - 75% in the urban areas, 5% - 70% in the
suburban areas and 0% - 40% in the rural areas. The urban and suburban areas of Los
Angeles and Chicago and the rural areas of Chicago and Atlanta were identified as the
most polluted areas across the US. Based on the investigation, the PM2.5 is the most
significant outdoor air pollutant to consider in urban and suburban areas while ozone
could become increasingly influential as we move towards suburban/rural areas. Finally,
after considering the influence of outdoor air pollutants on natural ventilation, the cooling
energy savings achieved by natural ventilation range from 10% to 35% in different
location settings across the US. The annual electricity saving amounts are 800 ~ 2500
Kwh per small commercial building according to the analysis. Among all investigated
areas, the San Francisco area is identified as the place with the highest cooling energy
saving percentage while the urban area of Phoenix achieves the largest electricity saving
amount if running natural ventilation. The followed economic analysis using the normal
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electricity rate in different investigated regions shows that these electricity savings could
be translated into approximately 80 to 450 dollars annual operation cost saving per small
commercial building. The adoption of TOU rate could further increase the economic
benefits of utilizing natural ventilation in the building operation.

As to limitations, the study utilized the DOE commercial reference buildings,
which were established based on general building construction in one area, as our
baseline buildings in the investigation. Although they all have large window-wall ratios
thus being suitable for natural ventilation, more experiments with various types of
commercial buildings should be conducted to see how this assumption could impact the
investigation results. Also, in the economic analysis associated with cooling electricity
saving, the variance of electricity price in different regions is not considered. Detailed
adjustment should be applied to the calculation of electricity cost savings in specific
regions.
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