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Abstract
Energy Demands and Efficiency Strategies in Data Center Buildings
by
Arman Shehabi
Doctor of Philosophy in Engineering Science —
Civil and Environmental Engineering
University of California, Berkeley
Professor William W Nazaroff, co-Chair

Professor Arpad Horvath, co-Chair

Information technology (IT) is becoming increasingly pervasive throughout
society as more data is digitally processed, stored, and transferred. The infrastructure that
supports IT activity is growing accordingly, and data center energy demands have
increased by nearly a factor of four over the past decade. Data centers house IT
equipment and require significantly more energy to operate per unit floor area than
conventional buildings. The economic and environmental ramifications of continued
data center growth motivate the need to explore energy-efficient methods to operate these
buildings. A substantial portion of data center energy use is dedicated to removing the
heat that is generated by the IT equipment. Using economizers to introduce large airflow
rates of outside air during favorable weather could substantially reduce the energy
consumption of data center cooling. Cooling buildings with economizers is an

established energy saving measure, but in data centers this strategy is not widely used,



partly owing to concerns that the large airflow rates would lead to increased indoor levels
of airborne particles, which could damage IT equipment. The environmental conditions
typical of data centers and the associated potential for equipment failure, however, are
not well characterized. This barrier to economizer implementation illustrates the general
relationship between energy use and indoor air quality in building design and operation.
This dissertation investigates how building design and operation influence energy use and
indoor air quality in data centers and provides strategies to improve both design goals
simultaneously.

As an initial step toward understanding data center air quality, measurements of
particle concentrations were made at multiple operating northern California data centers.
Ratios of measured particle concentrations in conventional data centers to the
corresponding outside concentrations were significantly lower than those reported in the
literature for office or residential buildings. Estimates using a material-balance model
match well with empirical results, indicating that the dominant particle sources and losses
— ventilation and filtration — have been characterized. Measurements taken at a data
center using economizers show nearly an order of magnitude increase in particle
concentration during economizer activity. However, even with the increase, the
measured particle concentrations are still below concentration limits recommended in
most industry standards.

The research proceeds by exploring the feasibility of using economizers in data
centers while simultaneously controlling particle concentrations with high-quality air
filtration. Physical and chemical properties of indoor and outdoor particles were

analyzed at a data center using economizers and varying levels of air filtration efficiency.



Results show that when improved filtration is used in combination with an economizer,
the indoor/outdoor concentration ratios for most measured particle types were similar to
the measurements when using conventional filtration without economizers. An energy
analysis of the data center reveals that, even during the summer months, chiller savings
from economizer use greatly outweigh the increase in fan power associated with
improved filtration. These findings indicate that economizer use combined with
improved filtration could significantly reduce data center energy demand while providing
a level of protection from particles of outdoor origin similar to that observed with
conventional design.

The emphasis of the dissertation then shifts to evaluate the energy benefits of
economizer use in data centers under different design strategies. Economizer use with
high ventilation rates is compared against an alternative, water-side economizer design
that does not affect indoor particle concentrations. Building energy models are employed
to estimate energy savings of both economizer designs for data centers in several climate
zones in California. Results show that water-side economizers consistently provide less
energy savings than air-side economizers, though the difference in savings varies by
location. Model results also show that conventional limits on humidity levels in data
centers can restrict the energy benefits of economizers.

The modeling efforts are then extended to estimate national data center energy use.
Different size data centers are modeled to represent the national variation in efficiency
and operation of associated mechanical equipment. Results indicate increased energy
efficiency opportunities with larger data centers and highlight the importance of

temperature setpoints in maximizing economizer efficiency. A bottom-up modeling



approach is used to estimate current (2008) United States data center energy use at nearly
62-70 billion kWh annually. The model indicates that more about 65-70% of this energy
demand can be avoided through energy efficient IT and cooling infrastructure design,
equivalent to an annual energy efficiency resource of approximately 40-50 billion kWh
available at a national level. Within the context of greenhouse gas emissions, benefits
can be significantly increased by incorporating site location into energy-efficient design
strategies.

The framework of this dissertation contributes to general building energy
efficiency efforts by shifting the perspective of building design to address indoor and
outdoor environmental impacts simultaneously, ensuring that one design goal does not
eclipse the other. More specifically, the results presented here outline opportunities to
temper the growing data center energy demand, so that IT can evolve into an energy
efficient utility with the potential to facilitate a more sustainable expansion of goods and

services.
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Chapter 1: Introduction

This chapter describes the motivation for and the objectives of this dissertation. Data centers
are presented within the greater context of building energy, indoor air quality, and climate change.
The role of energy efficient building design in reducing global greenhouse gas emissions is
highlighted. The relationship between indoor air quality and energy efficiency is described. The
need to balance these design goals in data centers is introduced as an important issue in
addressing the rapid increase in energy demand from this building sector. The objectives of the
dissertation are described and the research approach is outlined. The chapter concludes with a
discussion of data center efficiency and the growth of information technology as an opportunity to

advance sustainability.

1.1. Building energy use

Reducing the rate of anthropogenic carbon emissions and ultimately stabilizing
atmospheric levels of CO, will require innovation and effort across a broad spectrum of
disciplines. Successful strategies likely include a combination of developing low-carbon
energy sources, sequestering carbon from fossil fuel combustion, using energy more
efficiently to provide services, as well as creating transformative public policies and
effective strategies for adaptation. Given the enormity of the challenge, reducing
inefficiencies from all energy-intensive economic sectors is a necessary approach that can
garner benefits on a relatively short timescale. The role for building designers is
conspicuous, considering that buildings are the single biggest contributor to greenhouse
gas emissions, accounting for 45% of worldwide energy consumption (Butler, 2008).
Furthermore, technological leaps in building science are not required to conserve much of
this energy, which is simply lost through inefficient design. Implementing established
efficiency design strategies has been estimated to have the capacity to reduce carbon

equivalent emission from the 2020 building stock by 29% relative to business-as-usual



practices (Urge-Vorsatz et al., 2007). The cost of implementing strategies to stabilize
atmospheric CO; levels is estimated to be about 1% of global gross domestic product
(GDP) each year until 2050, while the business-as-usual trajectory will be equivalent to
losing 5% of global GDP annually from the costs and risks of climate change (Stern et
al., 2006). While the costs associated with climate change are stunningly large, many
design measures to improve building efficiency represent carbon abatement strategies
that have been identified to result in little or negative net cost (McKinsey and Company,
2007). Improving building energy efficiency therefore represents a relatively low cost
opportunity to reduce global energy demand and significantly contribute climate change

mitigation.

1.2. Building energy and indoor environmental quality

Using consumer interest to shift building practices through environmental rating
systems is one strategy to advance building energy efficiency that has gained momentum.
Green building rating systems attempt to better expose more traditionally opaque aspects
of building design so that they can be incorporated into the decision processes that drive
the building sector of the economy. Arguably the most prominent rating system is the
Leadership in Energy and Engineering Design (LEED), which uses a primarily
prescriptive approach to improve building design by focusing on five separate categories:
site location, water use, material use, energy use, and indoor environmental quality
(USGBC, 2009). The first four categories address how a building interacts with and
affects different environmental resources. Indoor environmental quality (comprised of

the thermal, air, and lighting quality) focuses on the health and comfort of building



occupants. These indoor environmental quality design goals can affect building energy
use and the important role of indoor environmental quality in addressing climate change
has been outlined before (Nazaroff, 2008). However, when energy and indoor
environmental quality are presented as distinct categories in LEED, each promoting
separate prescriptive design measures, these green building goals can seem unequal in
priority. While energy efficiency measures appear to carry the weight of issues such as
energy security and climate change, indoor environmental quality measures appear to be
merely striving to increase the occupant experience and can be marginalized as an
attempt to increase consumer appeal in the rating system. Accordingly, LEED has come
under criticism for the prominence of indoor environmental quality in the rating system,
with calls to give significantly more emphasis to energy performance (Nature, 2009).
Discounting indoor environmental quality in favor of energy efficiency, however,
overlooks the inherent interdependence between the two design goals.

As Figure 1-1 shows, heating, ventilation, and air conditioning (HVAC) energy
accounts for a significant portion of the operational energy in both residential and
commercial buildings (EIA, 2008). By regulating the temperature, humidity, and the
amount of outside air entering the building, HVAC systems greatly influence overall
indoor environmental quality; indeed, to do so is the primary purpose of this considerable
energy use. HVAC design without concern for energy consumption can result in
inefficiency, while HVAC design without concern for indoor environmental quality
neglects a primary building function. Pursuing the benefits of either extreme is short
sighted, with one limit missing the opportunity to reduce unnecessary energy

consumption and the other ultimately hurting the progress and acceptance of energy-



efficient buildings. Simultaneous consideration of both design goals, however, would
allow energy efficiency in buildings to continuously improve through innovation and new
technologies, while insuring that the requirement for a healthy indoor environment is not

eclipsed in the process.
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Figure 1-1. Breakdown of United States commercial and residential building energy use (EIA, 2008).

Breakdown based on total 2003 energy use from commercial buildings (1,706 billion kWh) and total 2005

energy use from residential buildings (3,092 billion kWh).

1.3. Data center buildings

Data centers provide a clear illustration of the interdependence between energy

and environmental quality, where concerns regarding building operational energy use and

indoor air quality (IAQ) can have significant consequences. Data centers are buildings

designed to contain information technology (IT) equipment used for data processing

(servers), data storage (storage equipment), and communications (network equipment).



IT equipment is typically stacked approximately 2 meters high in multiple aisles of server
racks. As Figure 1-2 shows, HVAC energy demand is comparable to the plug load
generated by the IT equipment operating in data centers (Greenberg et al., 2006).
Following the first law of thermodynamics that requires energy to be conserved, the
electrical energy consumed by IT equipment is dissipated as heat, which must then be
removed to prevent IT equipment from overheating. The high concentration of IT
equipment and the complementary cooling systems in data centers combine to result in
power density demands greater than 1 kW per m” of floor areas, orders of magnitude
higher than conventional office buildings (Greenberg et al., 2006). Motivation for
reducing this high energy demand reaches beyond environmental considerations. At
large high density data centers, the annual cooling costs alone can be on the order of $10
million (Patel and Shah, 2005) and these buildings have come under scrutiny because of
the increasing amounts of energy they consume (Loper and Parr 2007). By the end of
2006, the U.S. Congress had requested an evaluation of data centers in part to address the
economic damage that would result from an inability to meet future energy demand (U.S.
Congress, 2006).

The IAQ concerns in data centers are also important. While IAQ in buildings
such and offices and residences can be associated with a plethora of potential health
impacts for occupants, ranging from subtle irritation to life threatening complications, the
effects of IAQ on data centers are essentially binary. Data center operators are wary of
any airborne pollutants entering the data center and damaging the IT equipment in a way
that could cause operation failure within the 3-5 year equipment lifetime (Tschudi et al.,

2004). Many data centers are considered “mission critical” and interruptions in service



can be financially catastrophic, with costs claimed to be as high as $30 million per minute
of operation downtime during peak periods (Brown et al., 2007). The types and
concentrations of pollutants that could actually cause equipment failure are poorly
understood. Because of the high cost of failure and the lack of detailed knowledge about
risks, energy saving measures that involve using outside air and potentially altering IAQ

conditions away from conventional practices are generally avoided.
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Figure 1-2. Breakdown of data center energy use from empirical data gathered at 22 data centers in

California (Greenberg et al., 2006)

1.4. Growing data center energy demand

Properly navigating the precarious path between excessive energy use and
degraded TAQ risks can yield energy efficiency benefits for many different building
types. Data centers warrant specific evaluation as future growth in this sector may make
imperative improved energy efficiency of these buildings. Data center buildings

represent the backbone of the internet. Digital information processing, digital storage,



and digital communication are becoming increasingly integral to commerce and to the
functioning of society as a whole. Investment in IT has grown from negligible in U.S.
companies a generation ago to now representing as much as all other capital expenditures
combined (Carr, 2003). The aggregate energy use for computer servers doubled between
2000 and 2005, both in the United States and worldwide (Koomey, 2007). Along with
the overall increase in IT demand, increased centralization of IT services could place
greater importance on the energy efficiency of large data centers. More businesses are
outsourcing their IT activities, shifting servers, storage, and network equipment out of
office closets into dedicated data center facilities (Carr, 2005). The advent of cloud
computing (a neologism recently gaining traction) could further increase the IT burden of
large data centers as the digital information processing and storage that currently occur in
personal computers and office equipment become internet-based utilities (Fowler and
Worthen, 2009). A global perspective indicates that data center growth may be further
accelerated as IT is expanded in emerging markets. Many of the IT services associated
with data centers are wireless, allowing the infrastructure needs to be geographically
concentrated relative to other all-purpose technologies, such as electricity, telephones,
and railroads. Accordingly, the growth rate of IT in developing countries has been rapid
compared to earlier these all-purpose technologies (IMF, 2001). As shown in Figure 1-3,
total U.S. data center energy use doubled to about 60 billion kWh annually between 2000
and 2006. This rapid increase in energy use is the result of the data center industry
growing to meet the demand for more IT services, as businesses have automated more
processes, data are stored with greater complexity, and rich media is being increasingly

utilized (Brown et al., 2007). Brown et al. (2007) also estimated that growth in data



center energy demand would continue at a similar rate in the near future exceeding 100
billion kWh per year in the United States in 2011. It was also reported that current data
center practices are layered with inefficiencies. Consequently, the projected increase in
energy could be stemmed with the implementation of energy efficiency strategies. The
different scenarios presented in Figure 1-3 represent varying levels of energy-efficient
practices and technologies associated with both IT and non-IT equipment in data centers.
The more efficient scenarios (“best practice” and “state of the art”) include design
measures that change the ventilation rates and potentially the air quality in data centers.
Given the emphasis on equipment reliability, realizing the benefits of the more energy
efficient scenarios is contingent on understanding the associated IAQ repercussions in

data centers.
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Figure 1-3. Documented annual (2000-2006) and projected (2006-2011) total United States data center
energy use. Projected scenarios represent varying implementation of IT and non-IT energy efficient design
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1.5. Dissertation scope

This dissertation aims to better understand how building design and operation
influence the relationship between energy use and IAQ in data centers. Indoor particle
concentrations are addressed as a building performance issue, because of concerns that
exposure to increased particle concentrations can compromise computer equipment
reliability, which can hinder the implementation of more energy-efficient cooling
practices. Specifically, this dissertation attempts to understand how the use of
economizers can affect energy demand and indoor particle concentrations in data centers.
Conventional data centers operate with essentially a closed-loop air cycle, where all hot
air removed from the data center zone is directly returned to internal, compressor-based
air-conditioning units to be cooled and again supplied to the zone. Economizers reduce
the data center cooling energy by replacing the air being returned to the air-conditioning
unit with outside air when the outside temperature is below that of the air being removed
from the zone. Concerns that economizers would increase indoor levels of particles of
outdoor origin that may damage electronic equipment have hindered widespread
implementation of this technology (Tschudi et al., 2004). ASHRAE Technical
Committee 9.9, the trade organization that traditionally addresses issues of data center
design and operation, has avoided making any recommendations about the application of
outside air economizers until more research can be provided to either support or reject
their use for data centers (Syska Hennessy Group, 2007). Furthermore, incentives for the
industry to shift towards more energy-efficient technologies are currently presented
qualitatively, since the economic and energy benefits can depend on many parameters

that are specific to site location and the HVAC system. Decision makers are left with a



vague description of economizer risks and benefits, which hampers motivation for
technology shifts from within the industry and delays the demand for external regulation.
This dissertation first explores the IAQ impact of economizer use in data centers.
A combination of monitoring and modeling efforts are used to establish particle
concentrations in data centers under different mechanical cooling system design and
operation. Concentrations of specific pollutants are then measured while applying filter-
based mitigation during economizer use. The focus of the dissertation then shifts to
quantifying the energy saving benefits of economizer use. Data center energy use is
modeled under multiple conditions, including different mechanical designs, building
types, and geographical climates. The modeled energy values are combined with results
from Brown et al. (2007) to estimate current (2008) data center energy use. The potential
energy saving available from implementing economizers is placed in the context of other
prominent energy efficiency measures available to data centers. Overall, the results
presented in this dissertation identify energy efficiency strategies that limit the risk of
equipment damage from particulate matter and provide insight into the energy savings

available from implementing those strategies.

1.6. Dissertation format

The British physicist and engineer Lord Kelvin is attributed with the quote, “if
you cannot measure it, you cannot improve it.” Much of the research undertaken in this
dissertation follows that philosophy by attempting to understand the costs and benefits of
economizer implementation through the metrics of IAQ and operational energy use.

These metrics are quantified under different operational modes, allowing an appropriate
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balance to be maintained while working towards improved data center design.

Chapter 2 begins by establishing aspects of the IAQ landscape for current data
center buildings. Eight different data centers are evaluated to determine both the
differences and similarities in physical layout and mechanical design. The data centers
include those conventionally operated as well as ones that employ economizers. Ionic
particles, such as ammonium sulfate and nitrate, are identified as pollutants of special
concern owing to their ability to deliquesce and bridge isolated conductors following
deposition within the IT equipment. At each of the eight data centers, optical particle
counters are used to simultaneously measure indoor and outdoor concentrations of
particles 0.3-5.0 um in diameter. The empirical results establish the magnitude of
particle concentrations and indoor/outdoor particle ratios at data centers with and without
economizer use. At three of the data centers, material balance modeling is applied to
identify significant particle sources and sinks influencing data center indoor particle
concentrations. This modeling procedure is also used to anticipate the indoor proportion
of outdoor sulfate particles in a data center with and without economizer use.

With the effect of economizer use on indoor particle concentration measured in
Chapter 2, methods to mitigate the associated particle increase in data centers while
retaining the economizer energy benefits are the focus of Chapter 3. At a data center
equipped with an economizer, particle concentrations are evaluated while the mechanical
system operates with different air filters of increasing efficiency installed in the air
handling units. In addition to again using optical particle counters to measure the
concentration of particles 0.3-5.0 um in diameter, an aethalometer is used to measure the

concentration of black carbon inside and directly outside of the data center. Filter-based
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particle measurements are also taken to measure concentrations of ammonium sulfate,
nitrate, and chloride particles as well as concentrations of black and organic particulate
matter. The sampling apparatus constructed for the filter-based measurements is
designed to account for particle volatilization during collection, since ammonium nitrate
and chloride particles reside in equilibrium with their gaseous constituents.
Indoor/outdoor ratios are calculated for each particle species during active and inactive
economizer periods. The impact of enhanced filtration is evaluated against the particle
concentrations measured in data centers without economizers. Fan energy attributable to
the data center mechanical system is estimated and electricity use is monitored
throughout the entire particle collection process to better understand the energy impact of
different air filtration efficiencies. The data gathered in this chapter are used to propose
utilizing enhanced air filtration as a strategy to gain the energy benefits of economizers
while maintaining indoor particle concentrations comparable to those expected for a data
center that is operated without economizers.

In Chapter 4, the emphasis shifts from measuring the IAQ impact of data center
economizers to better understanding the energy benefits of economizers under different
design strategies. Total data center energy use is disaggregated and an established
metric, the Power Use Efficiency (PUE), is presented as a way to compare the efficiency
of the non-IT portion of a data center. A building energy model is used to compare data
center energy demand in different California climates. The model is developed to
estimate energy use for a data center design with and without an economizer. A third
design is also modeled that uses water-side economizers, which can be proposed as an

alternative to traditional (air-side) economizers. Water-side economizers utilize cool
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outside weather conditions to reduce chiller demand without requiring the ventilation
increase necessary for traditional economizer design. Humidity restrictions are adjusted
to determine the effect of these operational parameters on energy demand. The modeling
results are evaluated to identify strategies to maximize energy efficiency.

Chapter 5 extends the modeling methods established in Chapter 4 to compare the
efficiency of non-IT portions of a data center on a national level. Different size data
centers are modeled to account for variation in equipment layout and efficiency.
Temperature and humidity settings are adjusted in the model to determine their impact on
mechanical energy demand. A bottom-up model developed in Brown et al. (2007) is
used to estimate the total national energy use attributable to IT equipment in data centers.
Prominent energy efficient IT measures identified in Brown et al. (2007) are incorporated
into the IT energy estimate to compare the national energy use under current practice
with a potential energy-efficient scenario. The modeled non-IT equipment efficiencies
are then applied to the IT energy estimates to establish the current (2008) total United
States data center energy use and to determine the energy savings available from this
sector of the economy. The energy use and savings potential are presented in the context
of greenhouse-gas emissions, based on regional variations in electricity generation
sources.

Chapter 6 summarizes the findings from each chapter and places the results in the
broader context of building energy efficiency and IAQ. Future areas of research are also
proposed to address highlighted deficiencies in the research methods and to further the

goals of this dissertation.
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Chapter 2: Particle Concentrations in Data Centers

This chapter presents particle concentration measurements from multiple data centers.
Concerns about particles in data centers are discussed and avoiding economizer use due to this
concern is addressed as a loss in an available energy efficiency resource, the scale of which will
increase as data center operations grow. The lack of published measurements and the variability
of current data center IAQ standards are discussed, highlighting the need for measurements.
The objective of this data center air quality study is explained. The measurement methods are
described, along with data center layouts and cooling system approaches. Measurement results
are presented discussing differences between particle concentrations measured in data centers
with and without economizer use. Reproduced in part with permission from Atmospheric
Environment 42, 56978-5990, 2008. Copyright 2008, Elsevier Inc. License Number:
2314471379968.

2.1. Introduction

Data centers house the vast amounts of equipment that provide the computational
power, data storage, and global networking integral to modern information-technology
systems. The high concentration of densely packed computers in data centers leads to
floor-area-weighted power densities 15-100 times higher than those of typical
commercial buildings (Greenberg et al., 2006). The operation of data center buildings in
the United States consumes a substantial and rapidly increasing proportion of total
national electricity demand. Data center energy use doubled during the first half of this
decade and, in the US alone, accounted for about 45 TWh/y of electricity consumption,
approximately 1.2% of total demand, in 2005 (Koomey, 2007). Under a business-as-
usual trajectory, data center electricity use in the US has been projected to double again
by 2010, although energy efficiency practices have been identified that could begin to

significantly reduce this continued growth rate (Brown et al., 2007). A substantial
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portion of the energy use in data centers is dedicated to cooling the computer equipment
(Tschudi et al., 2004). The data-center cooling load can be reduced by a substantial
fraction when large amounts of outside air are used to cool internal loads during
favorable weather conditions (Sloan, 2008). However, many owners and operators are
reluctant to use this cooling technique owing to concerns about the risk of equipment
failure posed by introducing outdoor particulate matter into data center buildings.

Fine particulate matter can deposit on electronic circuit boards in the space
between isolated conductors. When the humidity of the surrounding air rises above the
deliquescence point, particles composed of water-soluble ionic salts can absorb moisture
and dissociate to become electrically conductive (Weschler, 1991). Empirical results
show that exposure to high sulfate concentrations at high humidity can cause electronic
equipment failure (Litvak et al., 2000). However, the risk of failure under the
environmental conditions typical of data centers is not well understood. Owing to the
competitive nature and high economic value of businesses in this sector, failure data are
not publicly shared. Furthermore, the effect of introducing greater flow rates of outside
air (or any other design change) on equipment failure cannot be predicted with
confidence, because little is known about the concentrations of particles in data centers,
the sources of those particles, or their fate once introduced into the data center
environment. This paper addresses these unknowns by measuring and modeling particle
concentrations at operating data centers. The results provide a partial basis for assessing
the equipment failure risk posed by particles for current data-center designs.

In the present study, time- and size-resolved particle concentration data were

gathered over weeklong periods at eight different northern California data centers.
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Building parameters for three of these data centers were documented and a material-
balance model was employed to predict concentrations under various conditions so as to
better understand the relative influence of potential sources and fates of airborne
particles. Predicted indoor concentrations were compared against the measured results.
The loss mechanisms of filtration, deposition, and ventilation were compared to assess
particle fate. The model was also applied to estimate indoor concentrations of sulfate
particles, which are of particular concern because of their ambient abundance and

hygroscopicity.

2.2. Methods
2.2.1. Study Sites

Size-resolved particle concentrations were measured as a function of time at data
centers in eight different northern California cities. With respect to ventilation and
cooling, all of the data centers are conventional except for one in Sunnyvale, which was
specifically designed to be energy-efficient and therefore has distinctive characteristics.
This chapter presents detailed results from three of the monitored data centers — at
Rocklin, Walnut Creek, and Sunnyvale. Appendix 2.A presents a summary of results
from the remaining data centers. The Rocklin and Walnut Creek sites are both large
buildings with multiple rooms designated for computer servers. Each of these rooms has
characteristics common in data centers: rows of server racks, a raised-floor plenum, and
computer-room air-conditioning (CRAC) units. The CRAC units are data-center-specific
air-handling units (AHUs) that are situated on the data-center floor. By contrast, the data

center in Sunnyvale is located in a single room within an office building, and is a
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showcase for energy-efficient data center design and equipment. The room utilizes
overhead air distribution and therefore contains no underfloor air plenum. The AHUs at
this site are located separately in an adjacent room. In Sunnyvale, the amount of outside
air entering the data center is controlled by an energy management and control system
(EMCS). The EMCS implements the energy-efficient measure of cooling the computer
equipment with large flow rates of outside air whenever climate conditions are favorable.
Figure 2-1 schematically displays the airflow configuration at each site. At
Rocklin, outside air enters a rooftop AHU, passes through a 40% filter', and then enters
the data center through a ceiling duct before mixing with the surrounding indoor air.
Room air in the Rocklin data center enters the top of a CRAC unit, passes through
another 40% filter, and is then cooled and discharged to the underfloor plenum.
Perforations in the floor tiles in front of the server racks allow the cooled air to exit from
the plenum into the data-center room. Fans within the computer servers draw the
conditioned air upward and through the servers to remove heat generated by the
equipment. After exiting the back side of the server housing, the warmed air then rises
and is transported to the intake of a CRAC unit. The majority of air circulation at the
Rocklin site is internal to the data-center zone. The Rocklin site has a single rooftop
AHU to supply outside air to the room. This AHU supplies some outside air to positively
pressurize the room and thereby limit infiltration. No air is mechanically removed from
the room; rather, the mechanical supply air is balanced by air exfiltration across leaks in

the data-center envelope.

! All filter efficiency specifications reported in this paper are based on the ASHRAE dust-spot test method
(ASHRAE, 1992).
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Figure 2-1. Schematics of airflow at the data centers. The Rocklin and Walnut Creek sites use an
underfloor air distribution system. Air handling units (AHUs) are placed on the data center floor and air is
thermally conditioned within the room. To maintain positive pressurization, a small amount of outside air
is supplied from a separate rooftop AHU. The Sunnyvale site uses an airflow design common in office
buildings. Air is supplied and removed through ceiling ducts and the AHUs are located outside of the data

center zone.
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Similar to Rocklin, the Walnut Creek site supplies only a small flow of outside
air, as compared to the flow rate of air passing through the CRAC units. Supply air at
Walnut Creek, however, is a combination of outside air and makeup air from other
building zones. The rooftop AHU that supplies outside air to the data center also supplies
air to office zones within the building. After entering the rooftop AHU, the outside air
mixes with return air from the office zones. The ratio of outside air and office return air
is automatically adjusted within the AHU, depending on the outside air temperature.

This blend of outside and return air first passes through a 40% filter and then through an
85% filter before entering the data center and mixing with the surrounding indoor air.

Traditional CRAC units and the underfloor plenum are absent from the Sunnyvale
site. Rather, air moves into and out of the room through ceiling-mounted air supply
registers. These registers are connected via ducts to AHUSs, which are located in a
separate utility room adjacent to the data center. Ducts also connect the AHUS to the
outside environment. Air from outside passes across adjustable dampers before being
blended with return air from the data center. Once mixed, the air passes through a bank
of 40% filters and is then thermally conditioned. The conditioned air is ducted into the
data center and supplied through ceiling registers located between the server racks. As
the cold supply air migrates toward the floor, fans draw air through the servers. After
exiting the server rack, the warmed air is removed via ceiling return registers and ducted
back to the AHUs. Before reaching the AHU, the air passes through another set of
dampers. Some of the return air is exhausted while the rest is returned to the AHUs to be
mixed with outside air before being conditioned and then returned to the data center.

During the monitoring period, the EMCS at the Sunnyvale site was set to provide 85%
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outside air whenever the outdoor temperature was below 15 °C. When the outdoor
temperature increased above this set point, the amount of outside air was minimized to

about 1% of the total flow. In each case, recirculation provided the remaining flow.

2.2.2. Experimental Protocol

Particle concentrations were measured both inside and outside of each site over a
period of approximately one week. Size-resolved data were gathered using Met-One
237B optical particle counters (OPC), capable of detecting and sizing particles within the
range 0.3-5.0 um optical diameter with a maximum uncertainty of £20% in particle
counts for each size bin. Particle counts are separated into different size bins based on
light scattering: 0.3-0.5 um, 0.5-0.7 pm, 0.7-1.0 pum, 1.0-2.0 um, and 2.0-5.0 um. Mass
concentrations were calculated from particle number counts by assuming a particle
density of 1.5 g/cm® (Pitz et al., 2003). A lognormal mass distribution of the particles
within each size bin is assumed so that the geometric mean of that bin can represent the

mass median diameter, which allows the particle mass concentration can be calculated as:
T
MassConc =) PC, pgDi (2-1)

where the particle concentration is calculated as the sum of particle mass in each size bin,
i. The mass for each size bin is calculated as the product of the particle count (PC),
particle density (p), and mass median volume, where the particle diameter, D;, represents

the geometric mean for the size bin.
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Table 2-1. Characteristics of three data center sites

Sunnyvale Walnut Creek Rocklin
Parameters
Floor Area (m?) 616 360 1,208
Ceiling Height (m) 2.7 2.7 3.0
Volume (m?) 1,690 931 3,681

Ventilation Flows (m’/min)
outdoor supply 23* 10 9
recirculation 1,332 2,107 5,607

Monitoring Period
start date 18 Aug. 2006 14 Oct. 2006 15 Sept. 2006
end time 25 Aug. 2006 20 Oct. 2006 20 Sept. 2006

*When in low outside air mode

Outdoor concentrations were measured by placing an OPC within the outside air
intake that services the data center. Indoor concentrations were measured using a second
OPC that was placed in front of a server aisle to measure the particle concentration in the
air as it was about to pass through the server rack.

Measurements were taken for 5-minute intervals once every 25 minutes. Each
OPC would draw air at a rate of 2.8 L/min for five minutes and then pause for 20 minutes
before beginning the next particle-counting cycle. At the Sunnyvale site, the count for
the 0.3-0.5 pm size range in the outdoor OPC reached the instrument limit for some
sampling cycles, indicating that the true outdoor concentration was greater than the
reported value. Consequently, data from this size range at the Sunnyvale site were not

used in the analysis reported here.
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The OPCs were factory calibrated prior to monitoring. Calibration was checked
after monitoring by exposing both OPCs to the same conditions to ensure that each
instrument produced consistent particle counts. During this calibration check, particle
counts within each size category varied by less than 10% between the OPCs, and hence
no corrections were applied to the analysis of data from the site measurements. Given the
low concentrations measured at some of the data centers, the OPCs were also exposed to

particle-free air, confirming that the monitors exhibited no lower-limit threshold.

2.2.3. Modeling Indoor Particle Concentrations

Indoor particle concentrations were predicted from time-dependent outdoor
concentrations measured at each site. In the model, each data center zone was
represented as a single, well-mixed chamber, using the parameters reported in Table 2-1.
Assuming that the variation in particle concentration during each five-minute monitoring
period is relatively small, the time-averaged, size-specific, mass-balance model is well

represented by this equation:

Ci,in — ﬂ’out (1 - ni,out)
C Aoy T+ B + A4

(2-2)

iout rec!lirec

Equation (1) estimates indoor particle concentration as a size-specific proportion
of the outdoor particle concentration. In the model, C;;, and C;,,, are the indoor and
outdoor concentration, respectively, for particles within size bin i. The parameter A,,,
represents the outdoor air-exchange rate and A,.. represents the recycled air-exchange
rate, each defined as the respective airflow rate divided by the interior volume of the data

center. The parameters 77;,,; and 7; .. are the respective size-dependent filter efficiencies

for outside and recycled airflows. The coefficient, £, is the size-dependent deposition
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loss rate for particle size section i. The terms in equation (1) represent time averages and
assume uncorrelated ventilation rates and particle concentrations. These assumptions
allow the dynamic time-averaged material balance to be represented by equation (1)
without the need to assume steady-state conditions (Nazaroff and Klepeis, 2004). The
model neglects resuspension, particle coagulation, or phase-change processes, based on
the assumption that they have a relatively small influence as compared to the processes
modeled. The data centers are positively pressurized and particle infiltration is designed
to be negligible. The model assumes no unintended infiltration into these zones. Filter
bypass, which reduces overall filter efficiency (Waring and Siegel, 2008) and merits
investigation in data centers, is not addressed in this model.

Recycled airflow rates at the Walnut Creek and Rocklin sites are obtained from
CRAC unit design specifications and are assumed to be constant throughout the
monitoring period. An AccuBalance balometer was used to determine the supply airflow
entering the data-center zone at the Rocklin and Walnut Creek sites, since design
specifications for the outdoor air supply were not available. Balometers, commonly used
within the HVAC industry for measuring air flows at registers, have been shown
commonly to have errors of approximately 20% (Walker et al., 2001). This level of
accuracy is adequate for the modeling analysis performed in this study.

Ventilation airflow at the Sunnyvale site depends on whether the HVAC system is
in “low” (1% outside air) or “high” (85%) outdoor-air mode. Hourly data on the
percentage of outside and recycled air entering the data center were gathered from the
EMCS and then applied to the model calculations. As illustrated in Figure 2-2, particle

removal efficiencies for the 40% and 85% filters used in the model are based on previous
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Figure 2-2. Filter efficiency as a function of particle size, from measured data (represented by squares and
triangles) (Hanley et al., 1994). Linear interpolation provides estimates between measured data points.
Fibrous-bed filter theory was used to extrapolate efficiency for particles larger than the measured particle

sizes (Riley et al., 2002).
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Figure 2-3. Loss-rate coefficient for deposition to indoor surfaces as a function of particle size. Line

represents a least-squares cubic polynomial fit to logarithmically transformed data based on results

compiled from six separate experimental studies (Riley et al., 2002).
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empirical measurements of new filters for particle diameters of 0.35 um, 0.9 pm, 1.8 um,
and 2.4 um (Hanley et al., 1994). Each of the particle-size bins monitored by the optical
particle counter was represented by its geometric median particle diameter for model
calculations. Linear interpolation provided filter efficiency estimates for particle sizes
between the measured data points. For particles larger than 2.4 pm, the filter efficiency
was estimated from a best fit of the data of Hanley et al. to theoretical predictions of
fibrous-bed filter efficiency (Riley et al., 2002). Since data are unavailable on the ratio of
outside air and makeup air from other building zones that together comprise the supply
air at the Walnut Creek site, additional particle measurements were taken at this site after
the supply air had passed through the 40% and 85% filters. These post-filter particle
measurements were used to represent the supply air entering the Walnut Creek data
center. Size-dependent values for the indoor loss-rate coefficient (/) are based on six
separate experimental studies that measured particle deposition rates across a range of
particle sizes, ventilation conditions, and interior surface-to-volume ratios. The
deposition loss coefficient, £, is equivalent to 2{vy;;S;/V), where v4;; is the size-
dependent deposition rate for size section i onto surface j, S; is the area of surface j, and V'
is the interior volume of the data-center zone. Figure 2-3 presents a least-squares cubic
polynomial fit to the logarithmically transformed results from these six studies, as
developed by Riley et al. (2002).

Particulate matter composed of water-soluble ionic salts present a special concern
for data centers, owing to the ability of some of these salts to deliquesce and thereby
conductively bridge isolated elements on circuit boards (Shields and Weschler, 1998).

To investigate this concern, indoor sulfate concentrations were also specifically modeled.
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Sulfate has been previously used to demonstrate current leakage attributable to particle
deposition under conditions of high particle concentration and high humidity (Litvak et
al., 2000). Sulfate, nitrate, and sea salt particles are the most common water-soluble
ionic salts in ambient air and together represent a significant portion of urban particulate
matter (McMurry et al., 2004). While each of the three particle types has the potential to
cause equipment damage, sulfate was chosen for this study because its atmospheric
abundance, size and thermal stability suggest that these particles may be of relatively
greater concern than the other salts. Atmospheric sulfate is commonly found in the
accumulation-mode size range (Milford and Davidson, 1987), which is expected to
exhibit a relatively high indoor proportion of outdoor particles (IPOP) (Riley et al.,
2002). By comparison, the IPOP of sea salt can be expected to be much lower, as sea salt
particles are primarily found in the coarse mode (Seinfeld and Pandis, 2006), and so are
efficiently removed by typical building filters and by settling onto room surfaces
(Weschler, 1991). Sulfate is also likely to have a greater IPOP than nitrate (Sarnat et al.,
2002). Nitrate particles, being volatile, can evaporate to their gaseous constituents when
exposed to a warmer indoor environment (Lunden et al., 2003). The effects of nitrate
particles on equipment risk in data centers appear to be worth investigating; however, to
do so is beyond the scope of the present study.

Outdoor sulfate particle concentrations were estimated using data collected by the
South Coast Air Quality Management District (SCAQMD) in central Los Angeles during
a study conducted from January 1995 to February 1996 as part of the PM,( Technical
Enhancement Program (PTEP) (SCAQMD, 1996). SCAQMD used chemical mass-

balance modeling to estimate that ammonium sulfate represented approximately 11% of
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the average ambient PM, concentration of 48 pg/m’. For the present paper, this mass
concentration, 5.3 pg m™, was apportioned to a sulfate particle-size distribution using
data compiled by Whitby (1978) from five studies of 15 urban sites. The mass-weighted
sulfate particle size distribution is summarized as a single lognormal distribution with a
geometric mean (GM) of 0.48 um and a geometric standard deviation (GSD) of 2.0. The
size distribution allowed the representative outdoor sulfate mass concentration to be
segregated by particle diameter and applied to estimate indoor sulfate concentrations

using equation 2-2.

2.3. Results and Discussion
2.3.1. Measured Particle Concentrations

Table 2-2 presents time-averaged, size-resolved, measured indoor particle
concentrations for all eight data centers monitored. Average indoor concentrations for
particles of diameter 0.3-5 pm are less than 1 ug/m’ in all conventional data centers and
are substantially higher at the Sunnyvale data center with an energy-efficient design. A
closer evaluation of the results from Rocklin, Walnut Creek, and Sunnyvale follows.
Figure 2-4 presents the cumulative distributions of outdoor measured, indoor measured,
and indoor modeled particle concentrations for these three sites during their respective
monitoring periods. The average measured indoor concentrations at the Rocklin and
Walnut Creek sites were 0.3 pg/m’ and 0.2 pg/m’, respectively, with indoor

concentrations being approximately 1% of the corresponding outdoor values.
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Table 2-2. Average measured indoor/outdoor particle concentrations at eight northern California data

centers (ug/m°)

Data Center Monitoring Particle Size Range (um)
Location Period

(CA) (2006)  03-0.5 0507 07-1.0 1020 20-50  Total
Nethps  Sumgvale 1825 " 107 084 144 128 | 464
Aug. 167 144 368 176 | 244
p Walnut 1420 006 002 003 007 005 0.22
Creek Oct. 120 045 045 127 663 10.0
. 15-20 013 002 003 007 008 0.33
GAP Rocklin Sept. 174 084 110 287 7172 14.3
Omcle  Redwood  29Sept- | 020 007 005 012 040 | 034
City 6 Oct. 204 100 069 133 519 10.3
Sybase  Dublin 2224 0.14 003 003 007 003 0.30
Tuly 065 011 007 014 054 1.51
Syhase  Dublps  22Nove | 134 078 060 074 020 | 367
5 Dec. 214 203 235 494 845 200
1522 008 002 00l 002 003 0.15
NERSC  Oakland May 0.79 087 138 366 691 13.6
BofA San 8-10 033 012 007 013 030 | 0095
Francisco Aug. 0.78 0.43 0.34 0.75 2.49 4.79
48 008 004 003 005 011 0.31
LBNL  Berkeley May 0.81 130 253 728 150 | 269

*The Dublin data center was monitored twice
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The median concentrations and IPOP from both of these sites are considerably lower than
PM,y and PM; 5 measurements previously reported for residential buildings (Ott et al.,
2000; Long et al., 2001). The indoor concentration was significantly higher at the
Sunnyvale site where the average measured indoor concentration was 4.6 pg/m’ and the
[POP was about 20%. This concentration remains lower than the indoor concentration
limit for data centers suggested by ASHRAE for fine PM (15 pg/m®). Particle guidelines
for data centers vary widely among industry documents and some server manufacturers
specify concentration limits that are orders of magnitude higher (ASHRAE, 2005). The
average measured particle concentration at Sunnyvale is similar to previous
measurements made in an office building across the same particle size range (Fisk et al.,
2000). However, outdoor concentrations around the office building in the Fisk et al. study
were much lower than the levels measured in Sunnyvale. High variability in indoor
concentration is observed at the Sunnyvale site and is clearly associated with the
proportion of outside air being toggled between 1% and 85% of the supply airflow. The
indoor concentration between these two HVAC modes differs by an order of magnitude.
Low and steady indoor particle concentrations were measured at the Walnut
Creek and Rocklin sites (Figure 2-5 and 2-6). The indoor concentration was less than 1
pg/m’ at almost all times, seemingly independent of fluctuations in the outdoor
concentration. A few minor increases of short duration in indoor concentration are
observed that do not correspond to any changes in outdoor concentration; these might be

caused by occupants working or walking in the vicinity of the OPC.
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Figure 2-5. Measured time-dependent particle mass concentrations at the Rocklin site during 15-20

September 2006. Concentrations represent particles 0.3-5.0 um in diameter.
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Figure 2-6. Measured time-dependent particle mass concentrations at the Walnut Creek site during 14-20

October 2006. Concentrations represent particles 0.3-5.0 pm in diameter.
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Figure 2-7a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the Rocklin

data center during 15-20 September 2006.
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Figure 2-7b. Time-dependent measured and modeled concentrations of particles 0.5-0.7 um in diameter at

the Rocklin data center during 15-20 September 2006..
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Figure 2-7c. Time-dependent measured and modeled concentrations of particles 0.7-1.0 um in diameter at

the Rocklin data center during 15-20 September 2006.

107
S
\u.\ - ‘\“ 'l
W A i
ol A e ™ Mo
-y e~ Voo v
v/, ‘s 'r
: . — —outside
jlz(izr%m}n? indoor measured
| -0-2.0u = = = indoor modeled |

particle concentration (#/m°)

103 T T T T T T T T T
9/15 915 916 916 917 917 918 918 919 9/19  9/20
0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00

date and time

Figure 2-7d. Time-dependent measured and modeled concentrations of particles 1.0-2.0 um in diameter at

the Rocklin data center during 15-20 September 2006.
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Figure 2-7e. Time-dependent measured and modeled concentrations of particles 2.0-5.0 um in

diameter at the Rocklin data center during 15-20 September 2006.
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Figure 2-8a. Time-dependent measured and modeled concentrations of particles 0.3-0.5 pm in diameter at

the Walnut Creek data center during 14-20 October 2006.
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Figure 2-8b. Time-dependent measured and modeled concentrations of particles 0.5-0.7 um in diameter at

the Walnut Creek data center during 14-20 October 2006.
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Figure 2-8d. Time-dependent measured and modeled concentrations of particles 1.0-2.0 pm in diameter at

the Walnut Creek data center during 14-20 October 2006.
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Figure 2-8e. Time-dependent measured and modeled concentrations of particles 2.0-5.0 um in diameter at

the Walnut Creek data center during 14-20 October 2006.
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Figures 2-7a-e show that modeled indoor particle concentrations at the Rocklin site agree
well with measurements in the smaller particle size bins, but particle concentrations in the
larger size bins appear to be underpredicted by the model. Particles in the larger size bins
also appear to be underpredicted by the model at the Walnut Creek site (Figures 2-8a-e).
At both the Rocklin and Walnut Creek sites, the modeled indoor concentrations follow
the fluctuations in the outdoor concentrations, while the measured indoor particle
concentrations remained steady throughout the monitoring period for all size ranges
except 0.3-0.5 um. The influence of outdoor concentration fluctuations on indoor
particle measurements appears to decrease with increasing particle size. The steady
indoor particle concentrations measured in the larger size bins, and underpredicted by the
model, suggest the presence of a weak, yet stable indoor source of particles, probably
mechanically generated. Conceivably, this particle source might be worn or misaligned
fan belts in the CRAC units, which has been previously suggested as a possible source of
particles in data centers (ASHRAE, 2005).

As expected, indoor particle concentrations are strongly related to the rates at
which outdoor air enters the building. Time-averaged indoor concentrations are
approximately an order of magnitude lower at the two sites that use minimal outside air
than at the Sunnyvale site, where a high percentage of outside air was used during a
portion of the monitoring period (Figure 2-9). The indoor concentration responds rapidly
to changes in the HVAC system setting between “low” and “high” outside-air modes.
When in the “low” mode, results were similar to those at the other two study sites.
During this mode of operation, the measured indoor concentrations were approximately 1

to 2 pg/m’ for nearly all times, regardless of outdoor concentrations. During the “low”
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outside-air period, the IPOP was about 3%, which is comparable in magnitude to values
at the other two sites (~ 1%).

A sudden increase in particle concentration is apparent in Figure 2-9 whenever the
HVAC system switches to the “high” outside-air mode. The increase in indoor particle
concentration begins toward the end of the day, around midnight, and then typically ends
late in the morning. During the “high” outside air mode, the indoor concentration
increases by nearly an order of magnitude (as compared with the “low” outside air mode)
and varies more directly in response to changing outdoor concentrations. The indoor
concentration shifts from approximately 3% to 36% of the outdoor concentration. The
higher indoor concentration is sustained until the HVAC returns to the “low” outside-air
mode.

Figure 2-10a-d shows modeling results for each of the particle size categories
measured at the Sunnyvale site (0.5-5 pm). The modeled indoor particle concentrations
agree well with measurements during both “low” and “high” outside-air modes, except
for the particle size range 2.0-5.0 um, which was slightly underrepresented by the model

for “high” mode operation.
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Figure 2-9. Measured time-dependent particle mass concentrations at the Sunnyvale data center during 21-

25 August 2006. Particle concentration represents 0.5-5 um particulate matter.
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Figure 2-10a. Time-dependent measured concentrations of particles 0.5-0.7 pm in diameter at the

Sunnyvale data center during 21-25 August 2006.
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Figure 2-10b. Time-dependent measured and modeled concentrations of particles 0.7-1.0 um in diameter

at the Sunnyvale data center during 21-25 August 2006.
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at the Sunnyvale data center during 21-25 August 2006.
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Figure 2-10d. Time-dependent measured and modeled concentrations of particles 2.0-5.0 um in diameter

at the Sunnyvale data center during 21-25 August 2006.

42



2.3.2. Particle Sources and Sinks

Outdoor air appears to be the main source of airborne particle mass in all three
data centers. Additional potential indoor sources of particles in data centers include
occupant activities, fan belt wear, and resuspension from occupant activities (Shields and
Weschler, 1998; Brusse and Sampson, 2004; Roth, 2005). While indoor particle
generation may contribute to the particle concentrations in data centers, modeled indoor
mass concentrations assuming no indoor-generated particles match well the indoor
measurements. When comparing the measured indoor concentrations relative to the
measured outdoor concentrations, the mean absolute deviation in IPOP between model
and measurement is 1%, 1%, and 3% for the Walnut Creek, Rocklin, and Sunnyvale sites,
respectively. This level of agreement indicates that any indoor source of particles during
the monitoring periods was small in relation to the supply of particles from outdoor air.
Indoor measurements show a fairly steady indoor particle concentration with few
aberrant increases or decreases, indicating that any sporadic indoor particle source, such
as that from occasional occupant activities, has little impact on time-averaged indoor
concentrations. Data centers typically have air filters for both outdoor and recirculated
air. Because of the importance of outdoor air as a source of indoor particles, the results
of this study suggest that data center particle mitigation efforts might benefit from
focusing filtration more heavily on the entering outdoor air.

The difference between measured particle concentrations at the Rocklin and
Walnut Creek sites, summarized for number concentration in Table 2-3, is a mass
concentration of approximately 0.1 ug/m’. While this concentration is small relative to

ambient concentrations, the discrepancy is clearly detectable against the low indoor
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concentrations measured at these conventional data centers that supply minimal outside
air. The time-series and size-dependent discrepancies between model and measurement
presented in Figures 2-7a-e and 2-8a-e suggest that there is a stable, yet weak mechanical
source of indoor airborne particles. A potential source is the CRAC-unit fan belts.
Reconciling model predictions to measurement results suggests an indoor emission
source of approximately 1 mg/h per fan belt at each of the two study sites, which would
correspond to a 1-5% loss of fan-belt mass over the typical fan-belt lifetime of six
months.

Once particles enter the data center, their possible fates are (i) to be exhausted
with the ventilation, (i1) captured during filtration, or (iii) deposited onto an interior
surface. The sum of these three potential loss terms make up the denominator in equation
(1), with Aoy representing the ventilation loss rate coefficient, [3; representing surface
deposition, and the product of Nyeci Arec representing removal via filtration of recirculated
air. The relative contribution of these particle sinks varies with particle size and among

the data centers.

Table 2-3. Average indoor modeled and measured particle concentrations at three data center sites (#/m’)

particle Walnut Creek Rocklin Sunnyvale
size range

measured modeled measured modeled measured modeled

03-0.5mm | 1.2x10° 1.6x10° 27x10° 13x10° n/a n/a

0.5-0.7mm | 1.2x10° 89x10* 14x10° 1.1x10°| 6.6x10° 62x10°
0.7-1.0mm | 6.0x10* 1.7x10* 67x10" 3.7x10*| 1.8x10° 1.6x10°
1.0-20mm | 29x10* 40x10° 3.0x10* 95x10° | 65x10° 6.6x10°
20-50mm | 20x10° 23x10° 33x10° 7.1x10'| 52x10* 32x10*
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The normalized rate of particle removal by each loss mechanism is presented in Figure 2-
11 for each particle size range at each study site. Filtration dominates particle removal at
the Rocklin and Walnut Creek sites. ASHRAE (2005) recommends 40% filters in data
centers that use minimal outside air. This type of filter was observed in the CRAC units
and in most of the outside air handlers at the data centers monitored in this study. Even
though the CRAC units have filters with modest efficiency, the large rate of recirculating
flow through the CRAC units relative to the amount of outside air introduced into the
data center results in high relative particle removal by this means. At the Sunnyvale site,
when the HVAC system is in the “high” outside-air mode, ventilation is the dominant
removal mechanism owing to the relatively high proportion of indoor air exhausted from
the data center. Filtration dominates during the “low” outside-air mode at the Sunnyvale
site and the relative contribution of the loss terms is similar to that found at the other two

sites.

2.3.3 Sulfate Predictions

The modeled indoor particle concentration and corresponding IPOP values
depend on the size distribution of outdoor particles. Within the particle size range
studied (0.3-5 pm), outdoor concentrations that have greater proportion of their mass in
larger particles will result in lower modeled IPOP values, since larger particles are more
efficiently removed by filtration and by surface deposition. Conversely, a greater
contribution of total mass from smaller particles would reduce interior loss rates,
resulting in a higher IPOP value. The size distribution of outdoor particles varies by time
and location and also by particle chemical composition. Since sulfate represents a

particle type of particular concern for equipment reliability, its mass distribution was
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applied to the model to predict the IPOP of sulfate at the Rocklin and Sunnyvale sites. At
the Rocklin site, the modeled IPOP increases from less than 1% for total outdoor particle
mass to about 2% for sulfate mass. At the Sunnyvale site, the modeled IPOP increases
from approximately 3% (for total mass) to about 19% (for sulfate) in the “low” outside-
air mode and from 36% (total mass) to 88% (sulfate) for the “high” outside-air mode.
Since the particle size range studied at the Sunnyvale site was curtailed to 0.5-5 um
particle diameter, the sulfate size distribution includes more mass from smaller particles
(<0.5 pm as opposed to <0.3 pm at the other site), which is not represented in studied
particle size range. This results in a greater increase from total outdoor particle mass
IPOP to sulfate mass IPOP at the Sunnyvale site, especially during the “low” outside air

mode when indoor particle mass is predominantly represented by smaller particles.

2.4. Conclusions

Prudent implementation of energy-saving measures that would expose data center
equipment to more outside air requires two tiers of investigation: first, understanding how
these design measures would change indoor particle concentrations, and second,
understanding how such changes in concentration would influence equipment reliability.
This study contributes to the former goal by presenting the first published measurements
of particle concentrations in operating data centers. The data and their interpretation
provide baseline information for conditions in typical data centers, revealing significantly
lower particle concentrations than typically found in offices or residential buildings.
Estimates using a parsimonious material-balance model match fairly well with the

empirical results. This agreement indicates that the dominant particle sources and losses
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have been identified and are being appropriately described, increasing the basis for
confidence in one’s ability to predict particle concentrations in data centers under
different scenarios. Measurements taken at the Sunnyvale site, where high flow rates of
outside air are already deployed to save energy, show nearly an order of magnitude
increase in particle concentration during “high” outside-air periods as compared to the
“low” outside air periods. Sulfate modeling results indicate that this increase may be
even greater when including particles smaller than the size range measured in this study.
While these data confirm and quantify the increase in particle concentrations caused by
using more outside air, the equipment risk associated with such concentration increases
remain unknown. We note that average indoor particle concentrations at Sunnyvale still
were well below particle limits recommended by some server manufacturers and were
less than the limit suggested by ASHRAE. The results presented here provide a partial
foundation for future work to investigate the risk to data center equipment posed by
expected particle levels. A more thorough understanding of the equipment reliability risks
associated with supplying greater outside air in data centers will help determine what
conditions are safe for this energy-saving measure. One can also explore mitigation
alternatives, such as enhanced filtration, that aim to improve energy efficiency while
simultaneously minimizing risk to electronic equipment from the deposition of particulate
matter. Overall, such efforts can help temper the growing energy demand of data centers
and thereby allow the expansion of information technology to proceed in a more

sustainable fashion.
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2.A. Appendix: Additional Data Center Particle Measurements

Size-resolved particle concentrations were measured in eight northern California
data centers in 2006 using a pair of optical particle counters. Measurements from three of
these data centers — Rocklin, Walnut Creek, and Sunnyvale — were discussed in the
main part of Chapter 2. This appendix presents the measured particle data from the
remaining five data centers: Redwood City, Dublin, San Francisco, Oakland, and
Berkeley. These remaining data centers were operated without economizers and the
results presented in this appendix provide further support that non-economizer data
centers maintain relatively very low indoor particle concentration that are not strongly
influenced by fluctuations in outdoor particle levels. Two separate obstacles arose during
the data acquisition process that hindered an in-depth analysis of the measurements from
the remaining data centers, resulting in their exclusion from the main body of the chapter.
First, the complexity of the floor plans in these data centers and the inability to confirm
HVAC parameters, such as building infiltration rates, prevented the modeling of indoor
concentrations at these locations. Second, the measurements at some of these data
centers were taken early in the experimental process and improper sampling times

resulted in some loss of data.

Measurements at most sites were taken in five-minute intervals, with the OPC
drawing in air at a rate of 2.8 L/min and providing a size-specific count of the particle in
the sample airstream. The counter would then pause for 20 minutes before beginning the
next particle counting cycle. Particle counting cycles were initially longer. At the first

two sites monitored, Berkeley and Oakland, particles were counted for 20 minutes (rather
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than five minutes). The Met-One 237B OPCs used in this experiment are limited to a
six-digit count (i.e. 999,999) for each particle size bin. Under these longer counting
times the particle count for 0.3-0.5 um particle size range reached the counter limit for
many of the outdoor measurements. This outcome indicates that the measured outdoor
concentration underrepresents the actual outdoor particle concentration. On a mass basis,
this underrepresentation is expected to not be important since the 0.3-0.5 um particle size
range is a small contributor to the total outside particulate matter mass concentration
(typically less than 10%), relative to the other size bins, for all of the data centers
monitored in this study. All mass concentrations presented here represent particles 0.3-

5.0 um in diameter and are calculated using the same methods presented in Chapter 2.

Figure 2A-1 shows particle concentrations measured at the Redwood City site
from 29 September to 6 October 2006. The data center is located within a building that is
part of a corporate office park located less than one mile from a major freeway, placing
the site in close proximity to significant vehicular traffic. Air within the data center is
conditioned by passing through CRAC units located on the data center floor. A small
percentage of outside air enters the data center though ceiling vents. The entering air is a
mixture of outside air and return air that has passed through a filter in a rooftop AHU.
The measured outdoor particle concentration averaged about 10 pg/m’, with
concentrations typically increasing in the afternoon hours until about midnight at which
point they would begin to decrease. The indoor particle concentration averaged about 0.8
pg/m’ and rarely increased beyond 2.0 ug/m3. The indoor particle concentration
essentially toggles from 1.0 pg/m’ during the day to about 0.5 pg/m’ in the evening and

early morning hours. Figures 2A-2a-e show a slight, yet consistent, fluctuation of indoor
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particle concentrations; a sudden increase and then decrease of smaller particles at
approximately 6:00 AM and 8:00 PM respectively. This fluctuation is clearly visible for
particles in the 0.3-0.5 um range, but decreases incrementally with each larger particle
bin and is undetectable in the 2.0-5.0 um size bin. The elevated concentrations during
common working hours are most likely a consequence of changes in HVAC operations

and infiltration (due to the opening and closing of doors) during occupant activity.
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Figure 2A-1. Measured time-dependent particle mass concentrations at the Redwood City site during 29

September — 6 October 2006. Concentrations represent particles 0.3-5.0 um in diameter.
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Figure 2A-2a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the

Redwood City site during 29 September — 6 October 2006.
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Figure 2A-2b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the

Redwood City site during 29 September — 6 October 2006.
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Figure 2A-2c. Time-dependent measured concentrations of particles 0.7-1.0 um in diameter at the

Redwood City site during 29 September — 6 October 2006.
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Redwood City site during 29 September — 6 October 2006.
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Figure 2A-2e. Time-dependent measured concentrations of particles 2.0 -5.0 um in diameter at the

Redwood City site during 29 September — 6 October 2006.

Particle measurements that were taken at the Berkeley data center site 4-8 May,
2006 are presented in Figure 2A-3. This data center is situated within an office building
and uses an unconventional cooling design that incorporates both floor CRAC units and
the building’s general HVAC system. A small percentage of outside air mixed with
return air is directly ducted into the data center room. Air within the room entered the
floor CRAC units and passes through an underfloor distribution system. A small
percentage of air within the room is exhausted through a single large vent on one end of
the data center. Exhausted air is returned to a mechanical room, where it is mixed with
outside air that enters the mechanical room from an air intake located in a semi-enclosed

parking area. The mixture of filtered outside air and return air then passes through a set

54



of filters before being ducted back into the data center. Figure 2A-3 shows that
particulate matter concentration measured in the outside air averaged about 27 pg/m’,
with the highest concentrations typically measured during the early morning hours of the
monitoring period. Figure 2A-4a shows that while monitoring the outside air at the
Berkeley data center the particle count for 0.3-0.5 um particle size range reached the
counter limit for all of the measurements. These results indicate that the measured
outdoor concentration underrepresents the actual outdoor particle concentration.
However, the 0.3-0.5 um particle size range contributes less than 1 pg/m’ to the total 27
ng/m’ for recorded conditions, indicating that even a large proportional increase in
particle count, the 0.3-0.5 um size range would only make a small contribution to the
total particulate matter mass concentration. Figure 2A-3 shows that the indoor
concentration at the Berkeley site is low and steady during the monitoring period. Indoor
particle concentrations averaged about 0.3 pg/m’ and rarely fluctuated by more than 0.1
pg/m’ during the monitoring period. Figures 2A-4a-e show steady indoor particle

concentrations with minimal fluctuations for all particle size bins.
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Figure 2A-3. Measured time-dependent particle mass concentrations at the Berkeley site during 4-8 May

2006. Concentrations represent particles 0.3-5.0 um in diameter.
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Figure 2A-4a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the
Berkeley site during 4-8 May 2006. The horizontal line representing the outdoor particle concentration

indicates the OPC researched the particle counting limit and that the actual particle concentration is greater

than what is presented here.
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Figure 2A-4b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the

Berkeley site during 4-8 May 2006.
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Figure 2A-4c. Time-dependent measured concentrations of particles 0.7-1.0 pm in diameter at the

Berkeley site during 4-8 May 2006.
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Figure 2A-4d. Time-dependent measured concentrations of particles 1.0-2.0 um in diameter at the

Berkeley site during 4-8 May 2006.
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Figure 2A-4e. Time-dependent measured concentrations of particles 2.0-5.0 um in diameter at the

Berkeley site during 4-8 May 2006.
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Particle measurements were taken at the Oakland data center 15 - 22 May 2006. At this
site, no direct outside air is ducted into the data center zone. Infiltration from adjacent
office zones is the only source of outside air entering the data center. Within the room,
air is circulated and conditioned with CRAC units, which supply air to an underfloor
distribution system. Figure 2A-5 shows that the average outside particle concentration
was approximately 14 pg/m’, with concentrations typically increasing during the morning
hours. Much less of a morning increase occurs during the final two days of the
measurement period, which coincides with the weekend, indicating that the morning
particle increases may be a consequence of increased vehicular traffic emissions near this
downtown Oakland location. As with the Berkeley site monitoring, the particle count for
the 0.3-0.5 um particle size range reached the counter limit for most of the outdoor
measurements. This outcome is clearly apparent in Figure 2A-6a and indicates that the
measured outdoor concentrations is less than the actual particle concentration. Again,
though, the contribution of this size bin to the total particle mass is expected to be small.
Similar to the other data centers monitored with minimal infiltration, the indoor particle
concentration at the Oakland site was significantly lower and steadier than the outdoor

measurements. The average indoor particle concentration was less than 0.2 pg/m’ and

rarely increased above 0.3 pug/m’.
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Figure 2A-5. Measured time-dependent particle mass concentrations at the Oakland site during 15-21 May

2006. Concentrations represent particles 0.3-5.0 pum in diameter.
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Figure 2A-6a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the
Oakland site during 15-21 May 2006. The horizontal line representing portions of the outdoor particle
concentration indicates the OPC researched the particle counting limit and that the actual particle

concentration is greater than what is presented here.
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Figure 2A-6b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the

Oakland site during 15-21 May 2006.
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Figure 2A-6¢. Time-dependent measured concentrations of particles 0.7-1.0 um in diameter at the

Oakland site during 15-21 May 2006.
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Figure 2A-6d. Time-dependent measured concentrations of particles 1.0-2.0 um in diameter at the

Oakland site during 15-21 May 2006.
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Figure 2A-6e. Time-dependent measured concentrations of particles 2.0-5.0 um in diameter at the

Oakland site during 15-21 May 2006.
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Particle measurements were taken at a data center located in downtown San
Francisco, CA on 8 - 10 August 2006. The data center zones are located throughout
various floors within a high-rise building. The outside-air intake for the building is
located on the eighth floor. A small percentage of outside air enters some of the data
center rooms though ceiling vents, while other data center rooms receive no directly
ducted outside air. The data center room where the indoor OPC was located receives no
direct outside air and outside air can only enter this area via infiltration from adjacent
zones. Air within the data center rooms is internally circulated and conditioned through
CRAC units located on the data center floor and an underfloor plenum. Figure 2A-7
shows that the average outside particle concentration measured at the San Francisco site
was approximately 5 pg/m’ with no measurements greater than 10 ug/m3 recorded during
the monitoring period. The low measured outdoor particle concentration may be due to
the significant height above ground level where the outside air intake for the building is
located. While the outdoor concentrations at this location were among the lowest outdoor
concentrations measured in this study, the indoor concentration was among the highest
for data centers not using economizers, with an average concentration of about 1.0 pg/m’.
Additionally, Figures 2A-8a-e show that fluctuations in the indoor concentrations
matched fluctuations in the outdoor concentrations, indicating that possibly significant
unintended air infiltration or filter bypass may be influencing conditions in the data

center zone.
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Figure 2A-7. Measured time-dependent particle mass concentrations at the San Francisco site during 8-10

August 2006. Concentrations represent particles 0.3-5.0 um in diameter.
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Figure 2A-8a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the San

Francisco site during 8-10 August 2006.
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Figure 2A-8b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the San

Francisco site during 8-10 August 2006.
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Figure 2A-8c. Time-dependent measured concentrations of particles 0.7.0-1.0 um in diameter at the San

Francisco site during 8-10 August 2006.
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Figure 2A-8d. Time-dependent measured concentrations of particles 1.0-2.0 um in diameter at the San

Francisco site during 8-10 August 2006.
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Figure 2A-8e. Time-dependent measured concentrations of particles 2.0-5.0 um in diameter at the San

Francisco site during 8-10 August 2006.
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Particle measurements were taken at the Dublin site during 22 — 24 July 2006.
The data center is located in a five-story office building. The area surrounding the
building is undeveloped, but it is approximately one mile from a major freeway, placing
the site in proximity with potential vehicular emissions. Air within the data center is
conditioned by CRAC units and distributed through an underfloor plenum. During the
July measurements, no direct outside air was ducted into the data center zone. The only
source of outside air entering the data center came from infiltration through adjacent
office zones. Figure 2A-9 shows that the average measured outside particle
concentration was approximately 2 ug/m3. The two days of measurements were taken
over a weekend period and the outdoor particle concentration drops significantly from
Saturday, which averaged about 4 pg/m’ during the day, to Sunday when the particle
concentration averaged below 1 pg/m’. Figures 2A-10a-¢ indicate that this drop in
outdoor particle concentrations on Sunday is primarily attributable to a reduction in larger
particles. The indoor concentrations appear to be generally independent of outdoor
concentrations and no significant change in indoor particle concentration is seen in the
data from Saturday to Sunday. Overall, the indoor particle concentration was fairly
steady, with an average concentration of about 0.3 pg/m’ and rarely increasing above 0.5
pg/m’. Indoor particle concentration fluctuations are more exaggerated during the
Saturday daytime hours. Possibly, fluctuations in the interior concentrations are caused
by occupants in the data center. A retrofitted economizer/ventilation system was
installed at the Dublin site during November 2006. This retrofitted system is designed to
supply outside air to the data center through separate ductwork during cool-weather

periods. Outside air is delivered from mulitiple locations along the ceiling of the data
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center and provides, at maximum, an airflow equivalent to 25% of all the air delivered
from the CRAC units. The delivered outside air passes through a conventional filter
system in the air handling units before entering from the ceiling and mixing with the
warm air in the room. Since the outside air is supplied from multiple ceiling locations,
some of this air comes into immediate contact with the server equipment, while the rest
of the outside air travels into the CRAC units. Air is removed from the data center zone
through a large single exhaust vent positioned in the wall in the middle of the room. This
retrofitted economizer system was designed to supplement the CRAC units in the data
center, but the efficiency was restricted by the unconventional layout of air distribution.
Rather than supplying directly to CRAC units or to an underfloor plenum, cool outside
air mixes with the hot air exiting the servers, thereby reducing the efficiency of the
system. Once the retrofitted economizer system was operating, particle measurements
were taken again at the Dublin site from 22 November to 5 December 2006. The average
outside particle concentration measured during this winter period was higher than the
outside measurements taken during the summer weekend. Figure 2A-11 shows that the
average outdoor measured particle concentration is 20 ug/m’, with many measurements
approaching 70 pg/m’. Indoor particle concentrations at the server averaged about 3.7
pg/m’, with some measurements exceeding 15 pg/m’. Similar to the indoor particle
levels at the Sunnyvale data center, the concentration changed significantly depending on
the position of the economizer dampers. When the dampers were closed (no outside air
supplied) the results are similar to the other data centers monitored that do not use
economizers: the average particle concentration at the server was less than 1 pg/m’ and

appeared to be independent of the fluctuations in outdoor particle concentration. With
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the dampers opened so as to supply outside air, the concentration at the server quickly
increased to approximately 5 to 15 pg/m’ and appeared to be influenced by outdoor
particle concentrations. For example, when the outdoor concentration was about 10
ug/m’ the concentration at the server was about 2 pg/m’, but when the outdoor
concentration increased toward 70 ug/m’ the concentration at the server increased to

about 14 pg/m’.
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Figure 2A-9. Measured time-dependent particle mass concentrations at the Dublin site during 22-22 July

2006. Concentrations represent particles 0.3-5.0 um in diameter.
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Figure 2A-10a. Time-dependent measured concentrations of particles 0.3-0.5 um in diameter at the

Dublin site during 22-22 July 2006
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Figure 2A-10b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the

Dublin site during 22-22 July 2006
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Figure 2A-10c. Time-dependent measured concentrations of particles 0.7-1.0 um in diameter at the

Dublin site during 22-22 July 2006
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Figure 2A-10d. Time-dependent measured concentrations of particles 1.0-2.0 um in diameter at the

Dublin site during 22-22 July 2006
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Figure 2A-10e. Time-dependent measured concentrations of particles 2.0-5.0 um in diameter at the

Dublin site during 22-22 July 2006
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Figure 2A-11. Measured time-dependent particle mass concentrations at the Dublin site during 1-8

December 2006. Concentrations represent particles 0.3-5.0 pm in diameter.
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Figure 2A-12a. Time-dependent measured concentrations of particles 0.3-0.5 pum in diameter at the

Dublin site during 1-8 December 2006. The horizontal line representing the portions of the indoor and
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outdoor particle concentration indicates the OPC researched the particle counting limit and that the actual

particle concentration is greater than what is presented here.
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Figure 2A-12b. Time-dependent measured concentrations of particles 0.5-0.7 um in diameter at the

Dublin site during 1-8 December 2006.
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Figure 2A-12¢. Time-dependent measured concentrations of particles 0.7-1.0 um in diameter at the
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Dublin site during 1-8 December 2006.

107

particle concentration (#m°)

size range
1.0-2.0um

indoor measured

1
N

\
Ay
|r1\ ,I }l ’
1 \"

\

— —outside

10*
12/1

121

12/2 12/2 12/3 12/3 12/4 12/4 12/5 12/5 12/6 12/6 12/7 12/7 12/8 12/8

0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00

date and time

Figure 2A-12d. Time-dependent measured concentrations of particles 1.0-2.0 um in diameter at the

Dublin site during 1-8 December 2006.
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