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ENERGY BENEFITS OF DIFFERENT DEDICATED
OUTDOOR AIR SYSTEMS CONFIGURATIONS IN VARIOUS
CLIMATES
Shihan Deng, M.S.

University of Nebraska, 2014

Advisor: Josephine Lau

Dedicated Outdoor Air Systems (DOAS) are proven to be beneficial in many
practices. However, not all DOAS configurations under different climates provide the
same benefits. This study presents a simulation on evaluating various energy saving
benefits of different DOAS configurations among diverse climate zones of commercial

buildings in the United States.

Three DOAS configurations in a medium office building are simulated in this study:
(1) fan-coil units (FCUs) as terminal units with a DOAS unit supplying conditioned
outdoor air (OA) to each FCU intake; (2) FCUs with a DOAS unit supplying conditioned
OA directly to each occupied space; and (3) a DOAS with active chilled beams. A
baseline system consisting of a conventional Variable Air Volume (VAV) system was also
simulated for comparison to the three selected DOAS configurations. All simulation
inputs are recommended by Department of Energy (DOE) benchmark reference models.
Validations of the baseline system and three selected DOAS configurations are based on

and compared to previous studies in literature. Building energy simulation results were

www.manaraa.com



collected for each system listed above. Additionally, two energy comparisons were
performed: each DOAS configuration was compared with the baseline system, and a
comparison of each DOAS configuration to the other DOAS configurations was made.
Comparison of the simulation results indicates that DOAS energy savings ranged from
7.1% to 26% between the seven simulated locations when compared to simulated
baseline with some DOAS configurations performing better in particular climate. The
major energy savings are accomplished due to DOAS requiring the exact amount of
ventilation for each space and employing high efficiency local Heating, Ventilation, and
Air Conditioning (HVAC) units. Suggestions given as a result of this study include: (1)
consider supplying the conditioned OA directly to each occupied space with a DOAS in
all simulated locations, and (2) consider employing active chilled beams as the local
terminal HVAC units in locations which experience extreme hot summers, such as Miami

and Phoenix.
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Chapter 1 Introduction

1.1 Introduction

Dedicated Outdoor Air Systems (DOAS) were introduced into Heating, Ventilation,
and Air Conditioning (HVAC) industry over the past few decades and widely adopted.
Benefits of employing DOAS, such as more efficient ventilation, better Indoor Air
Quality (IAQ), and potential system energy savings, were tested in previous HVAC

practices. (Dieckmann & Roth 2007; Mumma 2001a)

However, these benefits were not studied for all DOAS configurations in various
climates. Thus, it is very important to identify benefits of specific DOAS configurations
in particular climates in order to help engineers employ DOAS in their daily practice.
Furthermore, the rapidly increased demands for more efficient HVAC systems emphasize

the urgency of more energy performance analyses of DOAS.

To examine energy performances of DOAS in various climates, three DOAS
configurations were selected for this study based on the current literature and previous
studies. (McDowell & Emmerich 2005; Murphy 2006; Mumma 2008) Seven locations

from different climate zones as defined by ASHRAE Standard 90.1-2004 were selected.

In order to examine the potential energy saving of the selected DOAS configurations,

a conventional Variable Air Volume (VAV) system was selected as a baseline system.
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All simulation inputs pertaining to building simulations in this study were adopted
from Department of Energy (DOE) benchmark reference building models. Specifically;
building forms, envelop constructions, operating and loads schedules were adopted.
Employing these benchmarks models provides a consistent building simulation. (Deru et

al. 2011)

The simulation tool named IES-VE was selected to provide integrated building
simulation function. Previous building energy simulation results were also collected from
current literature. (McDowell & Emmerich 2005) The simulations were conducted by
EnergyPlus, a free, powerful, and widely used building energy simulation tool.
Comparisons were made between simulation results in this study and previous studies.

Validations of simulations in this study were achieved through this action.

Building energy simulation results of the DOAS and baseline systems were
collected. Comparisons and analyses of simulations provided the foundations for

suggestions.

1.2 Research Objectives

e Investigate the system configuration details of three selected DOAS

configurations.

e Compare building modeling with previous literature.

e Validate the DOAS and baseline systems modeling based on previous
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literature.

e Investigate energy savings of the DOAS configurations by comparing the

energy usage between each DOAS configuration and baseline system.
e Investigate energy performance diversity of the DOAS configurations by
comparing the energy usage among selected DOAS configurations.
1.3 Research Scopes

The scope of this study was to fulfill the previously described objectives:

e Focus the building energy simulations of DOAS to the three selected DOAS

configurations.

e Focus the building energy simulations of DOAS to the seven selected

representative climate locations of the United States.

e Cost and budget analysis of the DOAS and baseline systems are excluded in

this study.

e Suggestions of DOAS in various climates are solely based on the building

energy simulations in this study.

1.4 Overview of Chapters

Chapter 2 lists the current literature that details the benefits of DOAS, DOAS

configurations, and energy simulation tools. Relevant background information of DOAS
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and the configuration selection along with the definition of DOAS used in this study are
presented. Chapter 3 explains the DOE benchmark models and all the detailed inputs to
conduct a building energy simulation based on benchmark models. Chapter 4 consists of
DOAS configurations, baseline system configuration, and simulated system validations
based on current literature and previous studies. Chapter 5 collects all building energy
simulation results for DOAS and baseline. Chapter 6 draws conclusions from simulation
results and provides suggestions concerning the energy benefits of DOAS diverse
configurations in various climates. Possible future works are also stated in the last

chapter.

Baseline system unit sizing are shown on Appendix A. Appendix B and C cover
system sizing for DOAS-1 and DOAS-2. DOAS-3 system sizing is found in Appendix D
and E. The simulated system energy performances for the DOAS and baseline systems is

found in Appendix F.
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Chapter 2 Literature Review

Benefits and system configurations of Dedicated Outdoor Air Systems (DOAS) are
discussed in this Chapter. The definition of this kind of system for this study is based on

the current literature.

Details from previous studies of DOAS energy performance in various climates are
reviewed and an energy simulation tools review is used to support the simulation tool

selection.

2.1 History of DOAS and Definition of DOAS in this Study

The concept of DOAS was introduced in our industry over the past several decades.
DOAS is capable of delivering the 100% required outdoor air (OA) to each occupied
space independently or in conjunction with local terminal HVAC units. The system is the
first recognized system that takes credit for decoupling humidity control and temperature
control, which introduced the industry to the potential solution that fulfills ASHRAE

Standard 62.1 ventilation requirements.

Decoupling the humidity control and temperature control (or decoupling sensible
and latent load handling) becomes the major benefits of utilizing DOAS in the early 90s.
Operating this kind of primary and secondary system combination with other advanced
technologies of that time offered a cost saving advantage and better humidity control

when compared to traditional HVAC systems. (Meckler 1986) The primary system
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delivers primary air at a low temperature (for example at 42° F). Thus, a small quantity of
primary air capable of offsetting the building humidity load and fulfilling the ventilation
requirement. Under particular building type or climates, the partial sensible cooling load
can rely on the primary system in summer or under part-load conditions. The remaining
sensible cooling is provided by terminal unit(s) using local recirculation air to maintain

the space temperature level.

From decoupling the humidity control and temperature control, the most obvious
benefit is the ability to downsize the system. Since the primary system is responsible for
humidity control and delivering required ventilation air, the low supply air temperature
causes a lower total requirement quantity than the system configuration can with a
single system handling the required sensible and latent loads. Downsizing the primary
system duct and fan size offer a cost savings advantage because the secondary system is
only responsible of sensible cooling eliminating the need for humidity control from the

secondary system.

Another major benefit is that the decoupling system configuration may provide good
indoor air quality (IAQ) control. A VAV system with an air-side economizer may create
problems causing the ventilation rate to fall below the required minimum rate during
reduced building cooling loads. (Scoifield & Des Champs 1993) By supplying 100%
outdoor air, the system provides better IAQ performance and potential energy efficiency

in particular climates.
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After ASHRAE published Standard 62-1989, DOAS received significant notice by
American engineers. The new ASHRAE standard requires a complex routine for
multi-zone ventilation and, when coupled with the tendency of increasing required
minimum ventilation per person for better IAQ performance, engineers start looking at

alternative system configurations to fulfill these requirements.

ASHRAE Standard 62-1989 increased the outdoor air requirement for some building
types by two to four times when compared to the 1981 vision and provides the major
boost to DOAS development in U.S. (Kosar et al. 1998) Additionally, the new routine of
multi-zones system ventilation calculation along with the increased ventilation outdoor
air requirement results in much higher ventilation flow rates compared to buildings
designed under the older Standard 62.1 version. Furthermore, using outdoor air in
non-arid climates can result in periods of increased indoor humidity levels. (Kosar et al.

1998)

Thus engineers begin to realize that the single system which uses a mixing chamber
for mixing the outdoor air with return air should be replaced by two systems with one

providing thermal comfort and the other providing IAQ. (Coad 1999)

ASHRAE introduced “100% OA systems” in Addendum 62n of Standard 62-2001.
The distinguishing characteristic of this system is that it supplies 100% outdoor air (OA)

(i.e., no central recirculated air) for ventilation to one or more zones.

The open literature (Stanke 2004; Mumma 2001a; Mumma 2001c; Jeong et al. 2003;
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Scoifield & Des Champs 1993; Mumma n.d.) published in early 2000s, provides a clear
definition and positive outcomes of DOAS indicated by some leading professionals in the
HVAC industry. However, system configurations and understanding of DOAS have
varied with time, and today considerable diversity of DOAS exists in the HVAC

engineering community.

Personal communications were conducted between the student and 21 experienced
engineers from 10 major U.S. HVAC designing and consulting firms to determine the
version of DOAS used by the firm. Wide ranges of opinions were collected. The
definition in this study attempts to be as inclusive as possible to reflect the various system
configurations already applied under the name of DOAS. However, engineers who want
to design a DOAS should be reminded that there are various pros and cons in each DOAS
configuration. The benefits of DOAS are not be the same if different system

configurations are applied.

DOAS, as presented in this study, is defined as: a system which uses separate
equipment to condition all OA brought into a building for ventilation, delivered to each
occupied space, either directly or in conjunction with local space or central (zoned)
HVAC units serving those same spaces. The local or central HVAC units are used to

maintain space temperature setpoint requirements.

2.2 Features/Benefits of DOAS

Based on current literature review, the benefits of DOAS compared to a
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conventional VAV system are:

1) Easier to provide proper ventilation. (Cummings. James B 2001; Jeong et al.

2003; Dieckmann & Roth 2007; Mumma 2009a; Mumma 2001a)

2) Decoupling sensible and latent cooling functions of air handling systems.

(Dieckmann & Roth 2007; Kosar et al. 1998; Coad 1999; Mumma 2001a)

3) Increased degree of freedom in the selection of local unit(s). (Cummings.

James B 2001; Dieckmann & Roth 2007; Mumma 2001a)

4) Potentially provide energy use and demand reduction for both the DOAS
unit and local unit(s). (Jeong et al. 2003; Dieckmann & Roth 2007; Mumma

2001a)

5) Provide enhanced indoor environmental quality (IEQ). (Khattar &

Brandemuehl 2002; Coad 1999)

2.2.1 Ventilation

In order to realize the ventilation benefit of DOAS, the OA must be supplied to each

occupied space either directly or in conjunction with local HVAC units.

One of the difficulties of achieving good ventilation performance with central
HVAC systems (e.g. VAV systems) serving multiple zones is that the individual zone
sensible loads do not necessary vary with their ventilation requirement. This causes

increased system total ventilation intake airflows - which are often required to ensure the
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proper ventilation for each zone at all operation conditions - in compliance with

ASHRAE Standard 62.1. (Dieckmann & Roth 2007)

Another difficulty is over-ventilation of non-critical zones. In a multiple-zoned
recirculating ventilation system, a single air handler supplies the mixture of OA and
recirculated return air to more than one ventilation zone. Since the system delivers the
same air mixture to each zone; proper ventilation to the critical zone (the zone requiring
the highest OA fraction) will generally result in over-ventilation for other zones. (Stanke

2004)

When DOAS supplies required ventilation air to each zone, either directly or in
conjunction with local unit(s), such system configurations overcome the above-listed
problems. Allowing the DOAS to be sized separately ensures proper ventilation in each

zone at design zone population. (Dieckmann & Roth 2007)

2.2.2 Humidity control

A DOAS approach provides humidity control benefits, albeit this is a secondary goal.
The various humidity control benefits are potentially achieved only if the described

system configuration associated with each benefit is applied.

Since the 1989 edition of ASHRAE Standard 62 increased earlier mandated OA
requirements, proper indoor humidity control is even harder to achieve with some types

of HVAC systems. Bringing more OA into the building may result in raising indoor

www.manaraa.com



11

humidity levels in non-arid climates. (Kosar et al. 1998) Also, this requirement brings
more moisture into the system since OA accounts for a large portion of the overall latent
load in most commercial buildings. (Dieckmann & Roth 2007) Rather than using one
system to control both indoor humidity and temperature, DOAS uses two systems to
control them separately. (Coad 1999) The DOAS unit (the unit conditioning the
ventilation air separately) can be sized to supply the exact amount of required ventilation
air at a low enough dew point to offset the indoor latent load, thus controlling the indoor
relative humidity level without relying on local HVAC units. When humidity control
becomes a goal of DOAS, a total-energy recovery device is generally required by

ASHRAE Standard 90.1.

Humidity control requires engineers to pay more attention to part-load operations.
Popular VAV systems usually reduce the amount of total air delivered to the space during
part-load conditions to achieve energy efficiency. However, when the space loads
changes, this can result in loss of indoor humidity control, even though indoor space
temperatures remain at acceptable levels. DOAS overcomes this problem. During
part-load conditions, with local unit(s) running under a reduced capacity mode to fulfill
the reduced sensible loads, the DOAS unit continues to supply air at a low enough dew
point to maintain acceptable indoor humidity levels. This humidity control benefit is

potentially available for almost all DOAS system configurations.
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2.2.3 Selection freedom of local unit(s)

DOAS may allow broader local unit selection options when the DOAS unit solely
controls the indoor humidity and supplies OA to the occupied spaces, either directly or in
conjunction with local HVAC unit(s). Also, if the DOAS unit controls all of the latent
loads, the high efficiency sensible-only HVAC unit may be effectively used as the local
HVAC unit. Using high efficiency local HVAC equipment can potentially increase the

overall system energy efficiency. (Mumma 2001a)

2.2.4 Containment control

Because a DOAS approach generally results in conditioning less OA than a VAV
system approach, there is an increased potential to reduce energy usage associated with
the ventilation air components, air conditioning, and fan operation. Under part-load
conditions, local unit(s) may be able to switch off to save energy, when the DOAS

delivers ventilation air directly to each zone or to the supply-side of local HVAC units.

2.2.5 Enhanced indoor environmental quality (IEQ)

There is a view among certain professionals that a key fundamental change has to be
made to achieve better IEQ, which is to “decouple the traditional (VAV or Constant Air
Volume (CAV)) system dual functions of maintaining thermal environment and providing
needed ventilation”. (Khattar & Brandemuehl 2002) From an indoor air pollutants

transport perspective, the DOAS ventilation approach leads to predictable pressure
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differentials between adjoining spaces or zones, which minimizes transport of the
potential airborne contaminants between zones. Furthermore, with DOAS applications,
airborne contaminants that may be present in one zone are not immediately distributed

throughout a facility by the HVAC systems. (Mumma 2009b)

2.3 DOAS Configurations

As mentioned above, different DOAS system configurations in current practices will
lead to different benefits. In general, DOAS can be categorized into one of five system

configurations:
1) Conditioned OA delivered directly to the occupied spaces.
2) Conditioned OA delivered to the supply-side of local HVAC units.
3) Conditioned OA delivered to the intakes of local HVAC units.
4) Conditioned OA delivered to return air plenums, near local HVAC units.

5) Conditioned OA delivered to the intakes of centralized, multiple-zone HVAC

units.

The following sections address the fundamental differences between these

configurations and associated special considerations.

2.3.1 Conditioned air dry-bulb temperature

There is more than one way to condition the air from a DOAS:
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e The dry-bulb temperature (DBT) of the conditioned air (CA) is “neutral”,

which approximates room air dry-bulb temperature.

e DBT of CA is “cold”, i.e. significantly cooler than the room air dry-bulb
temperature—generally about the same as the required CA dew point

temperature (DPT). (Murphy 2010; Murphy 2006)

The DOAS approach method of delivering “cold air” actually requires less overall
cooling capacity than a “neutral-air” DOAS system approach. (Shank & Mumma 2001)
Although the installed cooling capacity of the DOAS OA unit is the same in either case
(because it is sized for the dehumidification load), the latter “cold air” approach reduces
the required cooling capacity of each local unit and eliminates the central heating
required to reheat the CA to the neutral temperature. Consequently, the cold-air system
consumes less overall building system-wide (aggregate) cooling energy for much of the
year compared to a ‘“neutral-air” DOAS system approach and it consumes less

system-wide heating energy by virtue of its reduced need to reheat the conditioned OA.

However, while the dehumidified OA should be delivered cold whenever possible,
as the space sensible cooling load decreases, this cold air may provide more sensible
cooling than the space requires, thus resulting in overcooling. When the potential for
overcooling exists, design engineers should consider implementing CA temperature reset
to reduce the cooling capacity. Alternatively, activating the corresponding local HVAC

unit heating coil to prevent overcooling could be a possible choice. If the overcooling
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problem occurs occasionally or in only a few spaces, the sensible cooling benefit of
delivering the OA cold to all other spaces served by the DOAS may outweigh the heating

energy needed to prevent these few spaces from overcooling.

At some load conditions, however, it might be more economical to reheat the cold
OA centrally, using recovered energy. In this case, design the DOAS to deliver the air

cold, and only reheat when needed in order to avoid individual space/zone overcooling.

2.3.2 DOAS supplies OA directly to occupied space

In this system configuration, the conditioned OA is delivered by the DOAS directly
to each occupied space. Meanwhile, the local unit(s) (such as fan coils, water-source heat
pumps, packaged terminal air conditioners (PTACs), small packaged or split direct
exchange (DX) units, radiant chilled ceilings, passive chilled beams, and variable
refrigerant flow (VRF) equipment) located in or near each space provides cooling and/or

heating to maintain space temperature (see Part A of Figure 2-1).

This approach easily ensures the required OA flow reaches each zone, and affords
the opportunity to cycle off the local fan, or reduce its speed, when cooling or heating
from local unit(s) is no longer needed in a given zone. Since the OA is not distributed to
the zone through the local unit, the local fans do not need to operate in order to deliver
OA to the conditioned zone. Thus, activating the DOAS during part-load periods does not

require operating the local units.
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When the conditioned OA is delivered at a cold temperature, rather than reheated to
neutral, this configuration offers the opportunity to reduce the local equipment size (both
airflow and cooling capacity) and hence also its capital and possibly operational energy
costs. However, to prevent uncomfortable drafts when the conditioned OA is delivered at
a cold temperature, one may need to utilize high performance diffusers that induce room
air to mix with (and warm) the cold conditioned air before it reaches the occupied zone at

the desired terminal velocity.

This configuration does require some additional ductwork and a separate diffuser for

OA delivery to each occupied zone.
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Legends: I Recovery Devices Cooling Coil Heating Coil

Figure 2-1: DOAS with total-energy recovery delivering OA (ASHRAE 2012).

2.3.3 DOAS supplies OA to the supply-side of local HVAC units

In this configuration, conditioned OA is ducted to the supply-side of each local
unit(s) (See Part B of Fig.2-1), and is mixed with the local unit’s supply air (SA) before

being delivered to the zone/space. The local unit conditions only recirculated air.

Since OA flow is ducted to each unit, this configuration may ensure the required
ventilation reaches each space, and the ventilation air is adequately distributed in the

space through a common set of SA diffusers.
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However, measurement and balancing of the ventilation system is more difficult
with this approach than if the OA is delivered to the space. If the local fan cycles off, or
varies its speed, the pressure in the supply duct decreases, potentially resulting in loss of

proper-OA distribution.

This is prevented by installing a pressure-independent terminal-box to directly
control the OA flow into the space under different static pressure in the SA duct. Use this

terminal approach to incorporate some method of demand-controlled ventilation (DCV).

When the OA is delivered at a cold temperature, rather than reheated to neutral, this
configuration may permit the downsizing of the local units (both airflow and cooling

capacity).

2.3.4 DOAS supplies OA to the intake of local HVAC units

In this configuration, the DOAS delivers the conditioned OA to the intakes of local
single-zone HVAC equipment (such as fan coils, water-source heat pumps, small
packaged or split DX units, variable refrigerant flow (VRF), small packaged rooftop units,
or single-zone air handlers), where it mixes with recirculated air from the zone (See Part
c of Fig.2-1). The local unit conditions this mixture and delivers it to the zone through a
single duct system and diffusers. This configuration ensures the required OA flow reaches
each zone; since it is ducted directly to each unit, and often avoids some of the cost and
space required to otherwise install additional space delivery ductwork and separate

diffusers.

www.manaraa.com



19

The OA is distributed by the local fan through a common set of diffusers (or via
active chilled beam method) ensuring that it is adequately dispersed throughout the zone.
However, local HVAC equipment employing fans must operate continuously whenever
ventilation is needed during occupied modes; otherwise, if the local HVAC equipment
fan cycles on and off or varies its speed, the ventilation is compromised since the local

equipment fans are responsible for delivering ventilation air to the occupied zone/space.

In addition, when the conditioned OA is delivered to the intake of the local unit at a
cold temperature, it results in cooler air entering the cooling coil of the local unit which
derates its capacity. This requires less cooling capacity from the terminal device and
permits downsizing (cooling capacity, but not airflow). However, this may cause an

equipment selection challenge for some types of local units.

2.3.5 DOAS supplies OA to plenum, near local HVAC units

This configuration delivers conditioned OA to an open ceiling plenum, near the
intake of each local unit (See Part D of Fig.2-1). The OA mixes with recirculated air in
the plenum before being drawn into the intake of the local unit. Use this approach when
local units are installed in the ceiling plenum, such as water-source heat pumps, fan-coils,

or variable refrigerant flow (VRF) terminals.

This configuration saved the cost and space needed to install additional ductwork,
separate diffusers, or mixing plenums on the local units. However, it is difficult to ensure

the required amount of OA reaches each zone, since the ventilation airflow is not ducted

www.manaraa.com



20

directly. The ASHRAE Standard 62.1 User’s Manual clarifies that the OA duct needs to
deliver air near the intake of each local unit and include some means of balancing to

ensure the right amount of ventilation air reaches each unit.

When cold conditioned OA is delivered to a plenum, it cannot be at a temperature
below the prevailing DPT encountered. In most cases, the ventilation air should be

reheated some amount to avoid condensation on surfaces within the plenum.

2.3.6 DOAS supplies OA to centralized, multiple-zone HVAC units

This approach uses DOAS to dehumidify all of the OA to a dew point condition that
is drier than the zones. This dehumidified OA is then ducted to the intake of one or more
air-handling units. In Figure 2-2, the DOAS delivers the conditioned OA (via ductwork)
to floor-by-floor VAV air-handling units. Since OA 1is not directly delivered to each room
and is mixed with the recirculating air, the multiple zone equations contained in
ASHRAE Standard 62.1 should be used to determine the OA required at each air handler
and to properly determine the total OA flow at the DOAS unit. However, this DOAS

configuration may cause over-ventilation to satisfy the needs for the critical spaces.
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Dedicated
OA Unit

Air-handling unit
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Legends: Total-Energy
Recovery Devices

Figure 2-2: DOAS used with floor-by-floor VAV air-handling units (Modified from

Murphy, 2010).

2.4 DOAS in Various Climates

Not only the different DOAS configurations have the distinguished advantages and
disadvantages, but also the previous described DOAS configurations perform differently
in various climates. There are some literature discussions and recommendations specific

DOAS configuration in different particular climates.

“Simple” and “full” DOAS were pre-defined in one open literature for conducting
the building energy performance comparison between DOAS and the conventional VAV
system. (McDowell & Emmerich 2005) “Simple” DOAS was defined as system

onsisting of only a pre-heat coil and enthalpy wheel. “Full” DOAS was defined as
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system consisting of a pre-heat coil, enthalpy wheel, cooling coil, and sensible wheel.
Both pre-defined DOAS configurations were equipped with water-source heat pump
(WSHP) supported cooling coil as the local terminal unit. Building energy performances
for five selected U.S. locations were simulated in that study, and the energy performances

data was collected.

The conclusion in the literature indicated that: First, both “simple” and “full” DOAS
show energy saving benefits compared to the conventional VAV system; second, “full”
DOAS shows significant advantage only in extreme hot and humid climates, such as
Miami.

However, there is no discussion in the literature about detailed DOAS configurations,
which include supply location of conditioned OA, different type of local terminal units,
and different DOAS units and this comparison hard to use for specific DOAS practices.
In order to fill the knowledge gap and to identify the benefit of DOAS in various climates,

the need for a more detailed study is emphasized.

2.5 Economizer in DOAS

The issue concerning the loss of the air-side economizer in a DOAS design
frequently arises particularly when the local terminal unit is not an air system. (Mumma
2005) To comply ASHRAE Standard 90.1, an economizer is required, either air-side or

water-side.
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An air-side economizer is a collection of dampers, sensors, and control systems to
determine the amount OA brought to the occupied space. The purpose of an air-side
economizer is to eliminate part of mechanical cooling when outdoor air conditions are
capable of removing the space cooling requirement. An air-side economizer is capable of
modulating outdoor air and return air damper to provide up to 100% of the design supply

air quantity by using outdoor air for cooling. (Mumma 2005)

However, since DOAS are already providing 100% of the design supply air quantity
as outdoor air for cooling, another kind of economizer is called to serve a similar purpose
as the air-side economizer. The water-side economizer is defined as a system by which
the cooling supply air is indirectly cooled by water that is itself cooled by outdoor air.
Usually this action is fulfilled by cooling tower. Employing a water-side economizer can
further decrease mechanical cooling energy usage. Particularly for locations that are dry

or experience cold winters. (Mumma 2005)

Furthermore, employing an air-side economizer to DOAS brings some drawbacks,
like operating mechanical cooling during winter, or has a bigger operating cost compared
to other DOAS configurations. (Mumma 2005) Replacing the air-side economizer with a
water-side economizer saves more energy usage and complies with the Standard 90.1

requirement for economizers.

2.6 Energy Simulation Tools

There are many energy simulation tools in the market capable of providing detailed
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simulation results. Powerful results with careful simulation procedures can result in

useful conclusions and suggestions.

Integrated environmental solutions (IES) is an integrated building simulation tool.
User friendly interface and system configuration, Computational Fluid Dynamics (CFD),
lighting, and other function integration are the major benefits for IES user. IES is capable
of providing detailed system configurations with visualized control and system

components.

EnergyPlus is a complex building energy simulation tool. Powerful functions and
wide usage are the major benefits of EnergyPlus. However, the user interface is not

friendly enough to provide visualization of simulated system.

Since the active chilled beams (ACB) were employed in this study, the selected
energy simulation tool should be capable of modeling this kind of system configuration.
Comparison was made in a previous study about energy simulation tools function of

modeling ACB. (Betz et al. 2012)

This complex study provided fundamentals for simulation tools selection of ACB.

The results of the study are found in Figure 2-3.

Chilled Beam Modeling Results

L. eQuest Trane | EnergyPlus
IES-VE | TRNSYS
Criteria/Software (3.64b) | TRACE W7)
System Induction Ratio YES YES NO NO NO
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Zone Induction Ratio NO NO YES YES YES
Variable Induction Ratio NO NO NO NO YES
CAV YES YES YES YES YES
VAV NO NO NO YES YES
Multiple CHW Loops NO NO MIXED YES YES
Humidity Control MIXED | MIXED NO YES YES
Flexible HVAC NO | NO | MIXED | YES | YES
Configuration

Intuitiveness MIXED | MIXED NO NO NO
Compliance Model YES YES YES YES MIXED
Design Assistance NO NO MIXED | MIXED YES
Modeling Time LOW LOW MID MID HIGH
Software Cost FREE LOW FREE HIGH MID
Simulation Time FAST FAST MID SLOW | SLOW

25

Table 2-1: Energy simulation tools comparison of modeling active chilled beams.

(Betz et al. 2012)

The very basic function of modeling ACB is modeling the ACB induction air ratio.

Five selected energy simulation tools in the previous study show the capability of

modeling the ACB induction air ratio. System level induction air ratio and zone level

induction air ratio target different configurations of ACB. System level induction air ratio

is applied to single zone systems or constant air volume systems. System modeling is

simplified by using system level induction air ratio for ACB. However, real projects may

require zone level induction air ratio since each zone may have different ventilation,

cooling, and heating loads requirements. Thus, zone level induction air ratio works better

on ACB simulation. Variable air volume induction air ratio, either system level and zone

level, is a powerful function but might not be practical since constant air volume primary

air is usually applied to zone level ACB induction air ratio.
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The flexibility of modeling ACB is another important function of the ACB
simulation tool. The flexibility includes using one Air Handler Unit (AHU) to serve
multiple ACBs, adding another terminal HVAC unit working with the ACB, and even
applying multiple water loops to an ACB can provide a good way of simulating an ACB
close enough to the real project. Only three of five examined simulation tools provide the

flexibility of modeling ACB.

Modeling time and simulation time are some general considerations for using energy
simulation tools. Extreme high modeling time with very slow simulation time are

common problems when modeling and tuning the ACB simulation.

Based on the basic requirements for ACB simulation, EnergyPlus, IES-VE, and
TRNSYS are three preferred simulation tools which are capable of providing adequate
functions of simulating ACB. However, EnergyPlus cannot provide user friendly
interface and system visualization. And even though the TRNSYS can provide the most
powerful ACB simulation within the comparison explained above, extreme high
modeling time with very slow simulation time may bring difficult for simulation

research.

IES-VE not only can provide adequate simulation functions for ACB simulations,
the integrated functions also can accurately simulate any DOAS. Combined with other
benefits such as user friendly interface, system visualization, acceptable modeling and

simulation time, IES-VE is preferred for particular DOAS simulation study.
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Chapter 3 DOE Benchmark Reference
Building and Simulated Building

The U.S. Department of Energy (DOE) developed the commercial reference
buildings, known as DOE Benchmark reference buildings models. Information of this

reference models and simulation inputs are provided in this chapter.

The models represent approximately 70% of commercial building in United States.
According to DOE’s national renewable energy laboratory report, these reference models
provide a consistent baseline for comparison and improve the value of energy simulation

software use. (Deru et al. 2011)

Comparison between simulated buildings in this study and previous studies from
literature is performed in this chapter and serves as validation of building simulation.
International System (S.1.) units are the major units used in benchmarks models; however,

the Inch-Pound (I.P.) unit system is primarily used in this study.

3.1 Determining Building Type

There are three visions of building type in benchmark models: new construction,
post-1980 construction, and pre-1980 construction. Building forms, areas, and operation
schedules in this three visions are the same, the differences are reflected in the insulation

levels, lighting levels, and HVAC equipment types and efficiencies. For this study, new
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construction is selected. The construction type complies with the ANSI/ASHRAE

Standard 90.1-2004. (Deru et al. 2011)

Medium office building type is selected for this study. The medium office model
provides reasonable building size without being too small to collect useful information

and conclusions. There are three floors with five rooms for each floor.

Table 3-1 shows the medium office reference building type forms and room sizing.

Building summary

Total Room Area (m?) 4982
Floor-to-Ceiling Height (m) 2.74
Floor-to-Floor Height (m) 4.4

Room Sizing (m?) (m?)
Bottom interior room 984 Mid interior room 984
Bottom North (Zone 3) 207 Mid North (Zone 3) 207
Bottom East (Zone 4) 131 Mid East (Zone 4) 131
Bottom South (Zone 1) 207 Mid South (Zone 1) 207
Bottom West (zone 2) 131 Mid West (zone 2) 131
First to second plenum 1661 Second to third plenum 1661
Top North (Zone 3) 207 Top West (zone 2) 131
Top East (Zone 4) 131 Top interior room 984
Top South (Zone 1) 207 Third floor plenum 1661

Table 3-1: Benchmark reference building models selected building type forms and
room sizing.
3.2 Benchmark Reference Building Models Climate Zones and Fabric

The recommended building envelop fabric of new construction building type is
primarily based on the requirements of ASHRAE Standard 90.1-2004. Different envelop

fabrics are made for various climates. The climate zone classification system is based on
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DOE and ASHRAE Standard 90.1-2004.

3.2.1 Climate zone classification system

Locations were selected in benchmark models that represent the majority of climates in
U.S. The climate zone classification system is mainly based on DOE and ASHRAE
Standard 90.1-2004. Sixteen (16) numbers of climate zones were classified with the most
populous cities in these climate zones selected to represent the climate zones. Two
locations were selected for climate zone 3B because they represent different climate
zones within one zone. However, the study will focus on only seven selected locations

with variable characteristics. The selected seven climate zones are found in table 3-2.

Climate TMY?2 Weather file
Number | Zone Representative City Description | location
1 1A Miami, Florida Hot, humid | Miami, Florida
2 2B Phoenix, Arizona Hot, dry Phoenix, Arizona
Mild,
3 4A Baltimore, Maryland humid Baltimore, Maryland
Albuquerque, New Albuquerque, New
4 4B Mexico Mild, dry Mexico
Cold,
5 5A Chicago, Illinois humid Chicago-O’Hare, Illinois
6 5B Denver, Colorado Cold, dry Boulder, Colorado
Extreme
7 8 Fairbanks, Alaska cold Fairbanks, Alaska

Table 3-2: Benchmark reference building models climate zone classification.

3.2.2 Roof, Wall, Ground Floor, and Window

ASHRAE Standard 90.1-2004 defines three major roof types based on the location
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of insulation relative to the roof. The three roof types with their assumptions are:

e Insulation entirely above deck: the continuous insulation above the structural

roof deck.

e Metal building: the insulation compressed between structural members.

e Attic and other: the insulation is laid between roof joists.

The benchmark models recommends insulation entirely above deck for medium
office building. The construction type of roof among selected locations is the same; the

only difference is R-value for various locations.

For wall construction type, ASHRAE Standard 90.1-2004 defines four wall types

based on functional performance of the wall.

e Mass Wall: continuous insulation.

e Metal Building Wall: insulation compressed between metal members,
possibly augmented by continuous insulation to decrease the overall

U-factor.

e Steel Framed Wall: a simple frame wall with different structural members.

e Wood Framed and Other Wall: a simple frame wall with different structural

members.

The Benchmark models recommends steel framed wall for medium office building.

The construction type of wall among selected locations is the same; the only difference is
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R-value for various locations.

Benchmark models recommends ground floor construction type, mass floor is

selected. Construction type and R-value for ground floor are the same for locations.

Simple window is recommended in benchmark models. Only overall U-factor, solar
heat gain coefficient (SHGC) value, and visible transmittance value are required instead
of specific window type. Various combinations of the required values are applied to

different climates.

All the recommended values for roof, wall, window, and ground floor are found in

Table 3-3 to Table 3-5.
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Building Miami | Phoenix Baltimore | Albuquerque | Denver Chicago Fairbanks
Characteristic
Climate Zone 1A 2B 4A 4B 5B 5A 8
Exterior walls
Construction Type Steel Steel Steel Steel Frame Steel Steel Steel Frame
Frame Frame Frame Frame Frame
R-value (m*K / W) 1.42 1.42 1.42 1.42 2.10 2.10 2.75
Materials (From outside layer to inside layer)
Wood Siding Thickness (mm) 10.00 Thickness (mm) 10.00 Thickness 15.00
(mm)
Conductivity 0.11 Conductivity 0.11 Conductiv 0.11
(W/m.K) (Wm.K) ity
(W/m.K)
Density (kg/m?) 544.60 Density (kg/m?) 544.60 Density 544.60
(kg/m?)
Specific Heat 1,210.00 Specific Heat 1,210.00 Specific 1,210.00
J/kg.K) (J/kg.K) Heat
J/kg.K)
Steel Frame Thickness (mm) 53.90 Thickness (mm) 87.06 Thickness 124.00
(mm)
Conductivity 0.05 Conductivity 0.05 Conductiv 0.05
(W/m.K) (Wm.K) ity
(W/m.K)
Density (kg/m?) 265.00 Density (kg/m?) 265.00 Density 265.00
(kg/m?)
Specific Heat 836.80 Specific Heat 836.80 Specific 836.80
(J/kg.K) (J/kg.K) Heat
kg K)
1/2 in Gypsum | Thickness (mm) 12.70 Thickness (mm) 12.70 Thickness 14.00
(mm)
Conductivity 0.16 Conductivity 0.16 Conductiv 0.16
(W/m.K) (W/m.K) ity
(W/m.K)
Density (kg/m?) 784.90 Density (kg/m?) 784.90 Density 784.90
(kg/m2)
Specific Heat 830.00 Specific Heat 830.00 Specific 830.00
(J/kg.K) Heat
kg K)

Table 3-3: Exterior wall construction type.
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Building Miami | Phoenix | Baltimore | Albuquerque | Denver | Chicago | Fairbanks

Characteristic

Roof

Construction Type Insulation Entirely Above Deck

R-value (m*K /W) | 2.79 2.79 2.79 2.79 2.85 2.85 3.72

Materials (From outside layer to inside layer)

Roof Membrane Thickness 9.50 Thickness 9.50 Thickness 12.00
(mm) (mm) (mm)
Conductivity 0.16 Conductivity | 0.16 Conductivity | 0.16
(W/m.K) (W/m.K) (W/m.K)
Density 1,121.30 | Density 1,121.30 | Density 1,121.30
(kg/m?) (kg/m?) (kg/m?)
Specific Heat | 1,460.00 | Specific Heat | 1,460.00 | Specific Heat | 1,460.00
(J/kg.K) (J/kg.K) (J/kg.K)

Roof Insulation Thickness 124.66 Thickness 127.34 Thickness 180.00
(mm) (mm) (mm)
Conductivity 0.05 Conductivity | 0.05 Conductivity | 0.05
(W/m.K) (W/m.K) (W/m.K)
Density 265.00 Density 265.00 Density 265.00
(kg/m?) (kg/m?) (kg/m?)
Specific Heat | 836.80 Specific Heat | 836.80 Specific Heat | 836.80
(J/kg.K) (I/kg.K) (J/kg.K)

Mental Decking Thickness 1.50 Thickness 1.50 Thickness 2.20
(mm) (mm) (mm)
Conductivity 45.01 Conductivity | 45.01 Conductivity | 45.01
(W/m.K) (W/m.K) (W/m.K)
Density 7,690.00 | Density 7,690.00 | Density 7,690.00
(kg/m?) (kg/m?) (kg/m?)
Specific Heat | 418.40 Specific Heat | 418.40 Specific Heat | 418.40
(J/kg.K) (J/kg.K) (J/kg.K)

Table 3-4: Roof construction type.

www.manaraa.com



34

Building Miami | Phoenix | Baltimore | Albuquerque | Denver | Chicago | Fairbanks

Characteristic

Program

ASHRAE 1A 2B 4A 4B 5B 5A 8
90.1-2004

Climate Zone

Ground Floor

Foundation Type Mass Floor
Construction 4 in Slab with Carpet
Type
R-value 0.54 0.54 0.54 0.54 0.54 0.54 0.54
(m>K /W)
Materials (From outside layer to inside layer)
Concrete Thickness (mm) 101.60
Conductivity (W/m.K) 1.31
Density (kg/m?) 2,400.00
Specific Heat (J/kg.K) 836.80
Carpet Thickness (mm) 5.00
Conductivity (W/m.K) 0.22
Density (kg/m?) 160.00
Specific Heat (J/kg.K) 2,500.00
Window
U-Factor 5.84 5.84 3.24 3.24 3.24 3.24 2.62
(W / m>K)
SHGC* 0.25 0.25 0.39 0.39 0.39 0.39 0.90
Visible 0.11 0.11 0.31 0.31 0.31 0.31 0.63
transmittance

Table 3-5: Ground floor and window construction type and fabric.

3.2.3 Ceiling, internal wall, and internal floor

There is no recommendation or requirements in the Benchmark models on ceiling,
internal wall, and internal floor constructions. However, from the reference simulations
provided by DOE for medium office buildings, all three settings can be acquired. The

construction type and characteristics values of ceiling, internal wall, and internal floor
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were the same for all climates. Detailed information on ceiling, internal wall, and internal

floor is found in Table 3-6.

Building Characteristic
Ceiling | | Internal Floor |
Construction Type Drop Ceiling Construction Type Concrete floor
U-value (W/m?-K) 2.18 U-value (W/m?-K) 2.80
Materials (From outside layer to inside layer) Materials (From outside layer to inside layer)
Thickness (mm) 12.70 Thickness (mm) 101.60
Conductivity (W/m.K) [0.06 Conductivity (W/m.K) 1.31
Drop Ceiling |5y g 288.00 Concrete Density (kg/m?) 2.400.00
Specific Heat (J/kg.K) [1,339.00 Specific Heat (J/kg.K) 836.90
Partition Thickness (mm) 10.00
Construction Type 1/2 in gypsum Conductivity (W/m.K) 0.22
Uvalue (WinE-K) 254 Carpet Denstty (kg/m?) 760.00
Materials (From outside layer to inside layer) Specific Heat (J/kg.K) 2,500.00
Thickness (mm) 12.70
_ Conductivity (W/m.K) [0.16
V2ingypsum o ) 784.90
Specific Heat (J/kg.K) |830.00
Thickness (mm) 12.70
_ Conductivity (W/m.K) [0.16
V2ingypsum o ) 784.90
Specific Heat (J/kg.K) |830.00

Table 3-6: Ceiling, internal wall, and internal floor construction type.

3.3 Infiltration

Infiltration is different in various buildings and changes with building environment
and operations. The benchmark models recommended a simplified method to estimate the
building infiltration for the simulation. A fixed air change per hour (ACH) value was
assigned to each room and plenum. The recommended infiltration information is found in

Table 3-7.
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Building Infiltration

Air Changes per Hour ACH ACH

Bottom interior room 0 Mid interior room 0
Bottom North (Zone 3) 0.26 Mid North (Zone 3) 0.26
Bottom East (Zone 4) 0.28 Mid East (Zone 4) 0.28
Bottom South (Zone 1) 0.26 Mid South (Zone 1) 0.26
Bottom West (zone 2) 0.28 Mid West (zone 2) 0.28
First to second plenum | 0.11 | Second to third plenum | 0.11
Top North (Zone 3) 0.66 Top West (zone 2) 0.67

Top East (Zone 4) 0.67 Top interior room 0

Top South (Zone 1) 0.66 Third floor plenum 1

Table 3-7: Building infiltration profile.

3.4 Schedule

This study does not examine the best operating schedule for buildings and systems.

All the recommended schedules come from benchmark models. The operating schedule is

divided into three sub-categories: Weekdays, Saturday, and Sunday or holiday schedule.

3.4.1 Occupancy Schedule
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Figure 3-1: Occupancy Schedule.
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3.4.2 Lighting schedule

Lighting Schedules

BWD

08 T msat
0_7 i — msunl H0|I Other .........................
0.6
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1 23 45 6 7 8 9 1011121314151617 18 19 2021 22 23 24
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Figure 3-2: Lighting Schedule.

3.4.3 Office equipment schedule

Equipment Schedule

1234567 8 9101112131415161718192021222324

Figure 3-3: Equipment Schedule.
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Elevator Schedules
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Figure 3-4: Elevator Schedule.

3.4.5 Imfiltration schedule
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Figure 3-5: Infiltration Schedule.
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3.5 Occupancy

The building occupancy profile used in this study follows the recommendations by
benchmark models adopted from ASHRAE Standard 90.1-2004 occupancy for medium
office. ASHRAE Standard 90.1-2004 refers to ASHRAE Standard 62-1999 as normative
reference, thus, the ventilation requirement when based on occupancy is also from
ASHRAE Standard 62-1999. However, compared to the current of Standard 62.1-2010,
the medium office occupancy density of the previous version is the same as the current
version. Note that ASHRAE Standard 62-1999 become Standard 62.1-2004 when the
1999 version was updated, and current Standard 62.1-2010 is the updated version of

Standard 62.1-2004.

This study uses 18.6 m*/person (200 ft*/person).

3.6 Ventilation

The ventilation or OA flow rate requirement for benchmark models concerning
medium office buildings is adopted from ASHRAE Standard 62-1999. The newest
ASHRAE Standard 62 (also known as 62.1 when the 2004 version was published),
differs from the older vision by requiring a larger amount of OA for occupancy instead of

OA requirements per occupancy and floor area.
This study uses 9.44 L/s/person (20 cfm/person).

There was concern that the using ASHRAE Standard 62-1999 instead of ASHRAE
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Standard 62.1-2010 (the newly vision) caused significant difference on simulation. Thus,
a comparison was made between occupancy and ventilation requirements of the two

visions and is found in Table 3-8.

Unlike the Standard 62-1999, the newly vision requires two separate ventilation
airflow: part one is ventilation requirement per occupancy and part two is ventilation
requirement per building floor area. The combined value of ventilation requirement was
adopted from Standard 62.1-2010, which intent to compare with ventilation requirement

in Standard 62-1999.

ASHRAE Standard 62-1999 | ASHRAE Standard 62.1-2010 | Difference
Occupancy | Unit | #/100 m? #/100 m? %
Value 18.6 18.6 0
Ventilation | Unit | L/s.person L/s.person %
Value 9.44 8.5 9.96

Table 3-8: Ventilation and occupancy comparison between of ASHRAE Standard

62-1999 and 62.1-2010.

There was difference as shown in the comparison. However, since the difference
remained within 10%, and since the ventilation requirement in all simulations of this
research were consistently applied, the difference was acceptable and will not make the

simulation results invalid.

3.7 Plug and Process Loads

Determining the plug and process loads in buildings is a hard task. Some

assumptions and references were collected to determine the recommended plug and
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process loads. Furthermore, assumption was made that the power consumption of plus
and process loads is the same as the internal heat gain. The detailed information is found
in Table 3-9.
3.8 Building Loads Calculation

The selected simulation tool in this study is IES-VE. All load calculations are built
on recommendations from benchmark models.

3.8.1 Building forms

The simulated building forms are exactly the same as the reference buildings
simulated by DOE. The detailed building forms and room sizing are the same as in Table

3-1. Figure 3-6 shows the building layout and sketch.
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Figure 3-6: Layout and sketch of simulated building.

3.8.2 Internal Gains

Lighting, occupancy, office equipment, and elevator power consumption heat gain
are four sources of internal gain. The four internal gains were recommended by

benchmark models and found in Table 3-9.
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Building Heat Gain
Occupancy heat gain W/person Lighting heat gain W/m?
Sensible heat gain 105 Sensible heat gain 10.76
Latent heat gain 315 Elevator heat gain Watts
Office equipment heat gain W/m? (assign to bottom
interior room
Sensible heat gain 10.76 Sensible heat gain 32109.89

Table 3-9: Building internal heat gains.

3.9 Building heat gain and building loads comparison

Simulated building heat gains and building loads were calculated in IES based on

the previously described recommendations for benchmark models. Building heat gains

and building loads in this study were then compared to the reference building provided by

DOE. All building simulation recommendations applied to both simulated buildings were

the same. The comparison between these two building simulations serves as the

validation for simulated building in this study. A comparison was made to the studies on

DOAS confi