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Abstract

An energy-efficient rooftop air-conditioner was developed which demonstrates significant
energy savings as compared with a conventional unit with comparable energy efficiency ratio
(EER).  The advanced design also provided better control of space conditions.  Key design
features which were responsible for the improved energy use and performance of the advanced
unit include;
• Variable-Air Volume (VAV) operation of the indoor blower, using a novel control approach

developed to be compatible with unitary air-conditioning equipment
• An Energy Recovery Wheel for preconditioning of outdoor ventilation air
• A microchannel condenser
• “Interlaced” design of the evaporator
• Condenser Fan Staging

In addition to the summer benefits mentioned, the advanced design is projected to save
25% to 45% of wintertime energy use for heating in small commercial office applications, due to
preheating of outdoor air with the energy recovery wheel.

The energy-efficient rooftop unit prototype was tested in the laboratory at TIAX and
subsequently field-tested at Florida Solar Energy Center’s (FSEC’s) Building Science
Laboratory.  As part of the FSEC test, a conventional rooftop unit with hot liquid reheat (to help
address the high humidity of the Florida climate) and the advanced prototype were both
connected to the same air distribution system serving a fully instrumented building.  This
allowed the performance and energy use of the new design to be compared directly with that of a
state-of-the-art conventional design of equivalent EER in a controlled field test scenario.  The
energy-efficient design demonstrated equal or better maintenance of space conditions (indoor
temperature and humidity) while using about 25% less energy.

A number of potential design options were analyzed during the course of this project.
The rooftop unit configuration which was ultimately chosen, developed, and tested represents a
consensus design concept, incorporating some of the best design options, and consistent with
project goals and design preferences of the project team, including DOE, TIAX, and Aaon, the
commercialization partner.

This work also demonstrated that energy efficiency and performance of rooftop air-
conditioners can be improved without an unreasonable cost increase.  The net cost increase of the
unit was estimated to be in the range of 0%-20% for small office applications, depending on
climate.
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Executive Summary

Energy use of rooftop and other unitary air-conditioners in commercial applications accounts for
about 1 quad (1015 Btu) of primary energy use annually in the U.S. [Reference 4].  While much
improvement had been made over the years in the energy efficiency of central system chillers,
similar improvements had not be made in the efficiency level of rooftop units prior over a time
period ending in the late 1990’s.  The fact that rooftop units and unitary equipment account for
the majority of commercial building cooled floorspace and the majority also of commercial
building energy use for cooling makes this an equipment class ripe for energy-related
development.

The project described in this report was a collaboration involving the Appliance and Building
Technology Sector of TIAX, the U.S. Department of Energy’s Office of Building Technologies,
and Aaon, Inc.  Funding was provided by DOE through Cooperative Agreement No. DE-FC26-
99FT40640, administered through the National Energy Technology Laboratory.

An energy-efficient rooftop air-conditioner was developed which demonstrates significant
energy savings as compared with a conventional unit with comparable energy efficiency ratio
(EER)1.  The advanced design also provided better control of space conditions.  Key design
features which were responsible for the improved energy use and performance of the advanced
unit include the following.
• Variable-Air Volume (VAV) operation of the indoor blower, using a novel control approach

developed to be compatible with unitary air-conditioning equipment.
• An Energy Recovery Wheel for preconditioning of outdoor ventilation air.
• A microchannel condenser.
• “Interlaced” design of the evaporator.
• Condenser Fan Staging.

In addition to the summer benefits mentioned, the advanced design is projected to save 25% to
45% of wintertime energy use for heating in small commercial office applications, due to
preheating of outdoor air with the energy recovery wheel.  This aspect of the unit’s performance
was not directly tested.

The energy-efficient rooftop unit prototype was tested in the laboratory at TIAX and
subsequently field tested at Florida Solar Energy Center’s (FSEC’s) Building Science
Laboratory.  As part of the FSEC test, a conventional rooftop unit with hot liquid reheat (to help
address the high humidity of the Florida climate) and the advanced prototype were both
connected to the same air distribution system serving a fully instrumented

1 EER is a measure which provides an indication of design-point energy efficiency and which does not take into
consideration the approach for treatment of outdoor ventilation air.  The advanced unit used less energy during
testing because it has better part-load efficiency and uses energy recovery for treatment of outdoor air.
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building.  This allowed the performance and energy use of the new design to be compared
directly with that of a state-of-the-art conventional design of equivalent EER in a controlled field
test scenario.  The energy-efficient design demonstrated equal or better maintenance of space
conditions (indoor temperature and humidity) while using about 25% less energy.

A number of energy saving design options were analyzed during the course of the work.  Besides
the ones mentioned above, these include scroll compressors, mechanical subcooling, a
reciprocating modulating compressor design, a variable-speed scroll compressor design,
increased-size conventional heat exchangers, various blower and fan alternatives, switched
reluctance and permanent magnet motors, two-speed motors, condenser fan staging, and a zero-
superheat variable expansion valve.  Some of these other design options may be attractive for
improving rooftop unit energy efficiency, but others are economically not attractive.  The rooftop
unit configuration which was chosen, developed, and tested represents a consensus design
concept incorporating some of the best design options and consistent with project goals and
design preferences of the project team, including DOE, TIAX, and Aaon.

The work shows that energy efficiency and performance of rooftop air-conditioners can be
improved without an unreasonable cost increase.  The net cost increase of the unit was estimated
to be in the range of 0% to 20% for small office applications, depending on climate.  The net cost
increase depends on application and climate, because the incorporation of the energy recovery
wheel effectively increases the unit’s capacity.  However, this capacity increase is dependent on
the proportion of unit air flow which is outdoor ventilation air and also the design conditions for
the outdoor air.
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1.0 Introduction

Energy use of rooftop and other unitary air-conditioners in commercial applications accounts for
about 1 quad (1015 Btu) of primary energy use annually in the U.S. [Reference 4].  While much
improvement had been made over the years in the energy efficiency of central system chillers,
similar improvements had not be made in the efficiency level of rooftop units prior over a time
period ending in the late 1990’s.  The fact that rooftop units and unitary equipment account for
the majority of commercial building cooled floorspace and the majority also of commercial
building energy use for cooling makes this an equipment class ripe for energy-related
development.

Besides concerns regarding energy use, another key market driver affecting design of rooftop air-
conditioning equipment has been concern regarding comfort and control of humidity.  Trends for
increases in outdoor air ventilation rates in certain applications, and the increasing concern about
indoor air quality problems associated with humidity levels and moisture in buildings points to a
need for improved dehumidification capability in air-conditioning equipment of all types.  In
many cases, addressing this issue exacerbates energy efficiency, and vice versa.

The high efficiency rooftop unit developed in this project addresses both energy and
comfort/humidity issues, demonstrating significant improvement over prior art rooftop unit
design practice.

1.1 Energy Use

Energy efficiency of rooftop units is mandated under the Energy Policy Act of 1990.  The Act
mandates the energy efficiency levels recommended by American Society of Heating,
Refrigeration, and Air-conditioning Engineers (ASHRAE) Standard 90.1.  At the time the Act
was passed into law, work was ongoing by ASHRAE to update the old Standard 90.1-1989.  This
existing standard was used to set rooftop unit efficiency levels, with a provision that the
U.S.DOE would review and consider upgrades to, and perhaps beyond, the updated efficiency
levels at the time that ASHRAE updated the standard.  The updated standard was approved by
ASHRAE in 1999.  The U.S.DOE’s review of the efficiency levels of ASHRAE Standard 90.1-
1999 is still ongoing.  However, it is likely that the standard reflects a minimum efficiency level
which will be required for rooftop units and unitary equipment.

ASHRAE Standard 90.1-1999 specifies efficiency levels for unitary air-conditioners including
rooftop units based on their capacity range and whether they have electric-resistive or gas
heating.  The standard also requires the use of economizers, unless the unit efficiency is above a
certain level which varies with geographic region.   The efficiency levels for units with
economizers are summarized in Table 1 below.
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Table 1:  ASHRAE 90.1 Unitary Air-Cooled Air-Conditioner Efficiency Levels

Size Category Heating Section Type 90.1-89
Level

90.1-99
Level

Electric Resistance
(or None) 8.9 EER 10.3 EER>65,000 Btu/h and

<135,000 Btu/h
All Other 8.7 EER 10.1 EER

Electric Resistance
(or None) 8.5 EER 9.7 EER>135,000 Btu/h and

<240,000 Btu/h All Other 8.3 EER 9.5 EER

The minimum efficiency of unitary equipment is specified in terms of EER, which is equal to
capacity divided by input power at full load for the Air-Conditioning and Refrigeration Institute
(ARI) rating test condition.  Also important for building owners is seasonal energy use.  This is
much more dependent on part-load efficiency than full-load efficiency, since air-conditioners
larger than 5 tons generally have at least two capacity stages, and such air-conditioners generally
spend more time operating at part load than full load.  The Integrated Part Load Value (IPLV) is
the measure of part-load efficiency.  IPLV is part of ARI test procedures for commercial-size air-
conditioners, although it doesn’t necessarily capture all aspects of a unit’s design which can
affect seasonal energy use.

1.2 Project Objectives, Scope, and Approach

The project success criteria are listed in Table 2 below.  While the project primarily addressed
the cooling season, it was recognized that heating season energy savings are possible with one of
the anticipated design options, energy recovery wheels.  The energy use reduction is represented
as a percent of cooling season primary energy savings.
Table 2:  Project Success Criteria

Criterion Goal
Manufacturing Cost Premium ≤10%

Seasonal Energy Use Reduction

25% to 50%
(primary energy savings including heating
season as a percentage of cooling season

primary energy use )
Comfort Improvement Quantifiable Improvement

The project as initially proposed consisted of tasks including the following.
• Task 1:  Analyze Design Options
• Task 2:  Detail Design
• Task 3:  Prototype Fabrication
• Task 4:  Development Testing
• Task 5:  Performance Testing
• Task 6:  Management and Reporting
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Key changes to the overall project structure include the inclusion of a final phase involving field
testing of the prototype at the Florida Solar Energy Center’s (FSEC’s) Building Science
Laboratory, and the laboratory testing of three prototype configurations rather than just one.  The
overall revised project schedule is shown in Figure 1 below.

Task 1:  Analyze Design Options

1999

Task 2:  Detail Design

Task 3:  Fabrication

Task 4:  Development Testing

Task 5:  Performance Testing

Task 6:  Program Management
Kickoff/Review Meetings

2000 2001 2002 2003

FIELD TEST
Test Installation Design
Test Installation Fabrication
Commissioning and Servicing
Testing
Reporting

O
R

IG
IN

A
L 

PR
O

JE
C

T

11/18 2/1 7/18 11/8 3/21 5/13 9/25 1/10

Figure 1:  Project Schedule

The project approach was to investigate a range of technology options which could be used to
improve the efficiency of a rooftop unit, rank the technology options based on energy savings vs.
cost and technical risk, and develop a design concept based on combination of the most cost-
effective energy-saving options.  The manufacturing partner, Aaon, was consulted during the
process of developing the design concept, in order to assure that the prototype unit would be
compatible with their product line.  After the design concept was established, detail design work
was done to allow procurement of components and fabrication of the prototype.  As mentioned,
three prototype configurations were constructed and tested sequentially, allowing examination of
variable-speed compressors and microchannel heat exchangers in addition to an advanced design
using conventional heat exchanger and compressor technology.  After initial testing and
adjustment of the prototype configurations, performance testing was done to document prototype
performance.  Upon the completion of our laboratory test program, the final prototype unit was
shipped to FSEC for field testing.

1.3 Report Structure

This report is divided into seven distinct sections.

The Executive Summary provides a concise account of the work.
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Section 1, the Introduction, provides background information and introduces the project and its
goals.

Section 2 describes the analysis phase of the project, during which alternative energy-saving
design options were assessed for cost/benefit ratio.

Section 3 discusses the prototype design, including selection of the design concept, cost and
energy savings estimates for the design, and development of the control system of the unit.

Section 4 describes laboratory testing of the prototype in its three tested configurations.

Section 5 discusses field test results.

Finally, the Appendices provide supporting information.  Appendix C includes the final field test
report, which FSEC provided to us to document their field test work.
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Results and Discussion

2.0 Design Study and Analysis

The basic process for development of the high efficiency rooftop unit design included the
following basic steps.
• Investigation of a baseline rooftop unit
• Evaluation of energy-saving design options
• Selection of the design concept, with input from the manufacturing partner

The approach for development of the energy-efficient rooftop air-conditioner was to design a
system with a direct-expansion (DX) air-cooled refrigeration circuit using R-410A refrigerant.  A
10-ton capacity was selected to represent a good midpoint for the most popular range of rooftop
air-conditioner capacities.

This section describes design study and analysis done to support the definition of the rooftop unit
design concept, i.e. the key component selections, basic unit layout, controls approach, etc.  This
work started with assessment of baseline 10-ton rooftop air-conditioner design practice.  One
representative baseline unit was purchased and its construction details were examined closely.
This unit, called the teardown unit, was fully disassembled during the course of this work to
allow close inspection of all components.  Cost models for this and other baseline units were
developed based on the teardown unit detail.  Next, options for key components which fit into
the basic design approach were assessed based on cost, energy use impact, availability,
suitability for the commercial rooftop market, and other appropriate considerations.  A test
demonstration was done for the variable expansion valve for a 2-ton unit to show that scale-up to
the desired 10-ton capacity was feasible.

Conclusions regarding the desirability of design options was discussed with the manufacturing
partner, Aaon, in order to gain consensus regarding the design.  This process led to definition of
the design concept.  After this step, detail design for the prototype unit was carried out; this
prototype design phase is described in Section 3.

2.1 Benchmarking

2.1.1 Literature Review of Baseline Rooftop Units

Product literature was obtained and examined for a range of popular 10-ton rooftop units.  The
units examined are listed in Table 3 below with key efficiency information.  These are primarily
gas-heat rooftop units (except for the York models listed).
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Table 3:  Baseline 10-ton Rooftop Unit Product Literature Summary
Manufacturer Model EER IPLV

48TJ012 9 9.35Carrier
48HJ012 11 9.7
Sunline DCE 9York
Sunline Plus D1EE 10
LCA/LGA 120 9 9.5
LCA/LGA 120 11 11.8

Lennox

GCS16-120 9 9.2
YC*120 9.2 8.9Trane
YC*121 11.5 12.4

Rheem RKKB-A120 9 9.3
Goodman PGB120 2453 9 9.3

Note that this information was obtained for units available during late 1999 when the project
started.  The EER levels of today’s units are higher due to the requirements of ASHRAE 90.1-
99, which is discussed in Section 1.1.  At the time this information was gathered, units with EER
close to 9 were “Standard-Efficiency” units; “High-Efficiency” units had EER levels from 10 to
11.5.

Additional detail regarding these units was examined to understand the key design differences
between standard and high efficiency units.  Additional information of interest for the design
process but not necessarily available in literature was obtained by calling the manufacturers.

While packaging of the different rooftop units varies among the manufacturers and model
numbers, they also have some common key characteristics.  Brief description of typical system
designs are as follows.
• 10-ton units have two 5-ton compressors which are separately circuited within the unit.  The

industry is transitioning more from reciprocating compressors to scroll compressors.  At the
time that the Table 3 information was collected, standard efficiency units generally used
reciprocating compressors and high-efficiency units generally used scroll compressors.

• Most units have conventional copper-tube/aluminum-fin condensers and evaporators.  Tubes
are rifled and fins have some kind of enhancement.  In most units, the separate refrigeration
circuits are integrated into separate areas of the heat exchangers.  This approach is important
for the evaporator in order to ensure that reasonable latent capacity is maintained.  For both
heat exchangers, the approach is easier to engineer and can be less costly than an interlaced
design.  The interlaced approach spreads the circuits out so that more coil surface can be
used when just one of the circuits is energized.

• Evaporator blowers are generally forward-curved centrifugal blowers.  They are controlled
for constant air volume and are driven with three-phase motors.  Condenser fans are
propeller fans assembled out of sheet metal blades and a hub.  One or two condenser fans
are used for 10-ton units.  Staging of condenser fan operation, if done, is generally based on
head pressure rather than compressor staging.  Condenser fan motors for 10-ton units are
fractional horsepower, and usually are single-phase.
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• Refrigerant flow control can be with a thermostatic expansion valve or multiple orifices.
There is a trend toward the latter approach to reduce cost.  Thermostatic expansion valves
can maintain optimum superheat over a wider range of operating conditions than orifices.

2.1.2 Teardown of Baseline Rooftop Unit

A rooftop unit representative of baseline design practice was selected and purchased for
teardown in order to examine design details closely to support subsequent design work and cost
analysis.  A Carrier model 50TJ012 unit was purchased, along with a field-installable
economizer, model CRECOMZR002A01-CP.  The unit and some views of the teardown
showing key components, are shown in Figure 2 through Figure 6 below.

Figure 2:  Teardown Unit with Outer Panels Removed
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Figure 3:  Teardown Unit Economizer Assembly

Figure 4:  Teardown Unit Condenser End View
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Figure 5:  Teardown Unit Evaporator Blower Assembly

Figure 6:  Teardown Unit Condenser
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Performance- and cost-related design data for the teardown unit was used to develop a baseline
unit energy use model and a cost model. This data is presented in Appendix A.
2.1.3 Cost Modeling Analysis for Baseline Rooftop Units

Manufacturing cost models were prepared for a number of rooftop unit configurations.  An initial
cost model was developed for the Carrier 10-ton teardown unit.  This cost model was based
partly on work done previously for DOE on residential AC units and relied heavily on cost
databases developed both during the previous DOE project and other similar projects.

Validation of our heat exchanger cost model for the manufacturing quantities and sizes typical of
rooftop units was done based on data obtained from Aaon and Modine for both condensers and
evaporators.  Some adjustment of initial cost estimates were made—these changes are reflected
in the results presented in this report.  The manufacturing cost estimates are based on purchase
rather than fabrication of heat exchangers, a scenario that applies to Aaon, our project
manufacturing partner.  Costs would be less for manufacturers who fabricate their heat
exchangers in sufficient quantities.

Besides the Carrier teardown unit, cost models were developed for the following additional units.
• Lennox LCA120 Standard-Efficiency Unit (9-EER).
• Lennox LCA120 High-Efficiency Unit (11-EER).
• A rooftop unit using R-410A refrigerant and thermostatic expansion valves.  This unit has
never been commercially available, but rather is a theoretical model created to represent a low-
cost R-410A product using conventional technology.  This model is used as the basis of
comparison for the energy-saving configurations.

The estimated manufacturing costs for these units are summarized in Table 4 below.  Additional
cost estimates were done for the high-efficiency rooftop unit design, cost estimates for which are
presented in subsequent sections of this report.

Table 4:  Manufacturing Cost Estimates

Rooftop Unit
Estimated

Manufacturing
Cost

Notes

Carrier 50TJ012 (9 EER) $2,020 Cost does not include $210 additional for economizer
Lennox LCA120S  (9 EER) $2,500 Includes an economizer
Lennox LCA120H  (11 EER) $2,660 Major Differences with respect to LCA120S:

• $60 more for scroll compressors
• $15 more for higher fin-per-inch condenser
• $34 more for larger evaporator

R-410A Unit with TXV’s (9
EER)

$2,180 Cost does not include $210 additional for economizer
Major Cost impacts associated with R-410A:
• $100 more for compressors
• $20 more for refrigerant
• $20 lower cost condenser coil (10% less face area)

Notes:  All units are cooling-only.  Estimate of baseline cost addition for typical gas heat package is $600.
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2.1.4 Energy Use Analysis for Baseline Rooftop Unit

Energy use analysis was done for the R-410A baseline rooftop unit (see Table 4)
Table 4and subsequently for a number of rooftop unit configurations representing energy saving
improvements.  The baseline unit differences with respect to the Carrier 50TJ012 teardown unit
are as follows.
• R-410A refrigerant rather than HCFC-22.
• Compressor performance consistent with Bristol H89A514DBL reciprocating R-410A

compressors.  Both capacity and power input were assumed to be 9% higher than that of the
actual compressors to meet the capacity target.

• TXV refrigerant flow control.
• Condenser finned width 72 inches rather than 80 inches (10% reduction).
• Economizer package installed.

A small New York City office was used as the building model for most of the analysis.  While
expanding the range of building applications and climates would have given more insight
regarding effects of these parameters on the energy use of each rooftop unit configuration, most
of the benefit of each potential design change could be determined from the New York City
small office model.  New York city is shown to be a good national average location based on
climate data shown in Figure 7 and Figure 8 below.  The information in these plots is based on
WYEC2 data for the cities examined.  The hours and mean absolute humidity are based on 5-
degree wide dry bulb temperature bins for small office occupied hours totaling 3,450 hours per
year.  The plots show that both the distribution of hours and the humidity levels represent
reasonable averages for the cities examined.  It is acknowledged that analysis results could be
somewhat altered by examination of the West Coast or of the high-humidity regions of the Gulf
Coast and Florida.
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Figure 8:  Hours vs. Dry Bulb Temperature

The small office building is selected for the analysis for the following reasons.
• Office buildings represent a large portion of the commercial floorspace (10.2 billion sqft of

cooled commercial floorspace out of 48.1 billion sqft total cooled floorspace2)
• Provision of cooling with a rooftop unit is more consistent with small than with large

buildings.
• The project is geared towards applications such as offices with moderate outdoor air flow

rates.

Energy use analysis was based on hourly building load data developed by Lawrence Berkeley
National Laboratory (LBNL).  These data are based on building models described in Reference 3
(481 Prototypical Commercial Buildings for Twenty Urban Market Areas, Huang, LBNL, June
1990).  Hourly loads for the buildings, not including the contribution of ventilation air and
parasitic loads such as blower power, were prepared by LBNL for building construction
representative of the average installed base for 1995.  The hourly load data was converted to
binned data for ease of analysis for this project.  The annual occupied hours were assigned to
five-degree wide bins based on dry bulb temperature.  Average loads, mean coincident ambient
humidity, and hours were determined for each of the bins.

For each rooftop unit system scenario, system operating conditions and time-averaged energy
input were determined for each of the occupied hour bins.  Refrigeration circuit modeling was
done using refrigeration cycle analysis tools originally developed by TIAX and modified by
Thermodyne.  The cycle analysis has as key input the compressor performance data supplied by
the manufacturer, heat exchanger design detail, and evaporator and condenser air flows and inlet
conditions.  Refrigerant properties are calculated using the REFPROP subroutines developed by

2 Reference 1 (1995 Commercial Building Energy Consumption Survey, DOE/EIA)



2-9

the National Institute of Standards and Technology.  Capacity and energy use were calculated for
each rooftop unit configuration at each ambient condition for each of the relevant system
capacity stages.  Time-averaging was required in order to determine hourly energy use for
system configurations using compressor staging for capacity control.  The energy use was
calculated for all of the energy-using components of each analyzed system, and capacity
contributions of components such as a mechanical subcooler or energy recovery wheel were also
calculated and incorporated in the analysis.  Key model results for the baseline unit operating for
the small New York City office are summarized in Table 5 below.
Table 5:  Baseline Rooftop Unit and Building Model Results

Parameter Value
Input
    Calculated Capacity Target (Btu/hr) / SHR
    Location
    Building Type
    Design Ambient Conditions (DB/WB)
    Outdoor Air Flow (cfm/sqft)
    Total Air Flow (cfm)

114,500 / 0.7221

New York City
Small Office

97.5 / 73
0.23

4,000
Output: System Description
    Floorspace Served (sqft)
    Outdoor Air Flow (cfm)

4,350
1,000

Operating Schedule (Occupied Hours)
    Weekday
    Weekend and Holiday
    Total Number of Hours
    Total Number of Cooling Season Operating Hours2

7AM to 6PM
7AM to 1PM

3,450
1,611

Energy Use
    Peak Input Power (kW)
    Cooling Season Energy Use (kWh)
        Evaporator Blower
        Condenser Fans
        Compressors

12.5
10,123
2,030
932

7,161
Hours in each Operating Mode
    Operating Hours not in Cooling Season
    No Compressors Operating (during cooling season)
    One Compressor
    Two Compressors

1,839
352
851
408

Notes:
1The capacity and SHR targets were set equal to the values calculated for the Carrier teardown unit.
2Temperature of 60F or above, for which net cooling loads are present and economizer cooling is not
acceptable.

Note that results for energy use and hours are based on occupied hours for the cooling season, for
which it is assumed that ambient dry bulb temperature is 60F or above.

2.2 Design Study

2.2.1 Summary

A number of energy-saving design options were analyzed to determine the feasibility of
integrating them in the prototype energy efficient rooftop unit.  Pertinent information about the
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options were obtained from vendors, manufacturing cost analysis was done to assess impact on
rooftop unit cost, and energy use analysis was done to determine the energy savings impact of
the options.  Sections 2.2.2 through 2.2.6 present details regarding these analyses.

Energy savings options are summarized in Table 6 below.  The energy use results have been
calculated for the New York City small office as described in Section 2.1.4.
Table 6: Design Option Savings and Economics Analysis Results
Design Option Mfg Cost

Premium
% Cost

Increase
%

Energy
Savings

Simple
Payback
Period1

Notes

Scroll Compressors $84 ? 2.5% ? OEM cost premium is based partly
on value pricing due to reduced
warrantee costs.  It is unclear how
much of the cost would be passed
on the End User.

Mechanical
Subcooling

$654 22%
[4%]2

4.9% 7.4

Recip Modulating
Compressor3

$35 1.1% 7.4% 2.4 Based on Bristol TS
compressor

Scroll Variable-Speed
Compressor3

$421 13% 7.5% >20 Based on Copeland Variable-
Speed Compressor

Microchannel Heat
Exchangers (11EER)

-$160 to
+$164

-5% to
+0.5%4

11% Instant to
0.5

Added benefit of enhanced
latent cooling capacity

Fin/Tube Heat
Exchanger Size
Increase (11EER)

$94 3% 11% 2.8

20” FC Blower Wheel $25 0.8% 1.4% 6.4 Baseline Blower wheel size is
15”

VAV for Blower $260 9% 36% 2.6 Induction Motor
Switched Reluctance
Blower Motor

$444 15% 37% 4.3 With VAV blower operation

Two-Speed Blower $53 1.7% 29% 0.7
Improved Sheet Metal
Condenser Fan Blade

$19 0.6% 1.6% 4.3 Based on Revcor KH3004-21

Plastic Injection-
Molded Airfoil Cond
Fan Blade

$59 2.0% 2.3% 9 Based on Multi-Wing 28-5-
4ZR-PPG

PM Motor Cond Fan $160 5% 0.3%
6.2%5

>20
145

Two-Speed Cond Fan $50 1.7% 5.9% 2.7
Cond Fan Staging $2 0.1% 3.4% 0.2
Variable Expansion
Valve

-$12 -0.4% 0.5% Instant

Energy Recovery
Wheel

$710 24%
[-2%]2

-10%6

35%7
Instant

1Based on average electricity cost of $0.076/kWh and gas cost of $5.62/MMBtu.
2Net cost increase on the basis of dollars per building floorspace served.
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3Percent cost premium and percent savings based on comparison with a VAV system with single-speed
compressors.
4Range of cost premium is based on the following possible factors:

• $15 cost reduction for refrigerant charge reduction
• $90 future cost reduction for use of a single-unit condenser
• $70 future cost reduction for use of a single-unit evaporator

5For modulating operation
6Cooling Season
7Primary energy savings, percentage of primary energy use for baseline system for cooling season and
for heating of ventilation air in heating season.

Some of the assumptions made for the analyses are as follows.
• Percent manufacturing cost savings are based on a manufacturing cost for a baseline unit

including economizer and gas heat of $2,995.  This cost assumes that the manufacturing cost
for installation of gas heat for a 10-ton unit is $600.

• Payback period is calculated assuming an end-user markup factor of 2.5, electricity cost of
$0.076/kWh, and natural gas cost of $5.62/MMBtu.

Recall that heat exchanger costs have been estimated assuming that heat exchangers are
purchased rather than fabricated.

As mentioned, it is assumed that the unit has an economizer.  This is consistent with the
requirements of ASHRAE 90.1-1999, which require an economizer.  The standard allows for an
elevated EER level rather than an economizer for locations with Cooling Degree Days greater
than 3,600.  The elevated EER level depends on Cooling Degree Days for the building location.
The elevated EER approach may be more attractive, as shown in Table 7 below.  The analysis
applies to New York City, for which a 12 EER level would be required in order to avoid use of
an economizer.  For warmer regions, the economics favor the elevated EER level even more
strongly.  In spite of this, we have assumed that the baseline and other units will have an
economizer, to allow the unit design to be applicable even for locations with less than 3,600
Cooling Degree Days.
Table 7:  Comparison of Economizer and Elevated EER Options

% Seasonal% Seasonal
Energy SavingsEnergy Savings

Percent CostPercent Cost
ImpactImpact

Manufacturing Manufacturing 
Cost ImpactCost Impact

EconomizerEconomizer $213 10%of Baseline Cost 9%

$1201 6% Cost Increase 17%

1Assumes condenser coil size increase and improved condenser fan blades to achieve the high EER

12-EER12-EER

The
energy saving design options have a wide range of energy savings and cost impacts.  The options
with the most savings potential are VAV and the Energy Recovery Wheel.  The options with the
best payback periods are microchannel heat exchangers, a two-speed evaporator blower,
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condenser fan staging, the variable expansion valve, and the Energy Recovery Wheel.  The exact
mix of design options for incorporation in the prototype was made through discussion with
Aaon, the project manufacturing partner.  The prototype design concept and reasons for its
selection are discussed in Section 3.2.
2.2.2 Compressors

Compressor design options investigated as part of the design study phase of the project are
summarized in Table 8 below.
Table 8:  Compressor Options

Compressor Option OEM Cost2

Percent
Seasonal

Energy Use
Reduction

Percent
System

Cost
Increase

Simple
Payback
Period
(years)

Baseline:
Two 5-ton Bristol H89A543DBL

$480
2 x $240

Scroll:
Two 5-ton Copeland ZP54K

$564
2 x $282

2.5% 2.8% 113

C
A

V 
Sy

st
em

s

Mechanical Subcooling:
Two 5-ton Bristol H89A543DBL
One 1-ton Panasonic SC-52171869-A
Additional Costs

$1,134
2 x $240

$1504

$5045

4.9% Gross
22%
Net
4%

7.4

VAV Baseline:
Two 5-ton Bristol H89A543DBL

$480
2 x $240

See Note 6

Modulating:
Bristol H89A543DBL
Bristol T89A543DBL

$515
$240
$275

7.4% 1.1% 2.4

Variable Tandem:  Copeland ZP54K
and Invertor-Driven Copeland ZP32K7

$901 7.5% 13% >20

VA
V 

Sy
st

em
s

Performance-optimized Variable
Tandem:  Copeland Scrolls with
Improved Motor Performance

Note 8 10%

1. Savings and costs for the “CAV Systems” are based on comparison with the “Baseline”.  For the
“VAV Systems”, comparison is with the “VAV Baseline”.  The VAV option OEM cost is $260 for an
invertor (see additional detail in Section 2.2.4)

2. Cost estimates from vendors, except as noted.
3. Actual payback is likely to be lower than 11 years because part of the cost premium reflects value

pricing associated with improved reliability.
4. Estimate based on costs obtained for a similar compressor
5. TIAX estimate, accounts for unit size increase consistent with capacity increase,  subcooling heat

exchanger, and thermostatic expansion valve.
6. 36% Energy Use reduction as compared with Baseline CAV.
7. See text for more description about this variable speed compressor prototype.  The cost estimate

includes $200 for an invertor.
8. This compressor system assumes that a brushless DC motor would be used in the variable—speed

compressor.  Cost will be higher than the $901 projection for the more conventional variable tandem
but a good cost estimate was not obtained.

The table is separated into constant air volume (CAV) and variable air volume (VAV)
approaches:  the compressor options based on use of two single-speed compressors were
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analyzed for the CAV configuration, and the modulating compressor options were analyzed only
in VAV mode.  This is because the realization was made during the analysis phase of the project
that compressor modulation does not make sense for CAV systems.  The key points of this
rationale are (1) below 50% capacity level the full-load evaporator blower power overwhelms
refrigeration system benefits of further modulation, and (2) humidity control is compromised.

The compressor options are described in the table.  The Bristol reciprocating and Copeland scroll
compressor options are standard products.  The Bristol T89A543DBL compressor is a Twin
SingleTM compressor, which reverses crank rotation to disable one of the two cylinders.

Mechanical subcooling has been used in refrigeration applications in which the higher
temperature lift makes mechanical subcooling more attractive.  The principal is shown below in
Figure 9.  Some of the high pressure liquid leaving the condenser is used to precool the rest of
the liquid.  A small subcooling compressor operates with a higher suction pressure than the main
compressor, thus delivering part of the cooling load more efficiently.  The subcooling
compressor’s discharge vapor is condensed in the main condenser.

Condenser

Evaporator

Main 
Compressor

Subcooling
Heat

Exchanger

Mechanical
Subcooling
Compressor

TXV

TXV

Figure 9:  Mechanical Subcooling

For our analysis, it is assumed that a nominal 1-ton rotary compressor would be used as the
subcooling compressor.  The intermediate suction pressure corresponds to roughly 70F saturated
conditions for design conditions (i.e. 95F ambient and 80F dry bulb/67F wet bulb) and adds
roughly 20,000Btu/hr capacity.  We have assumed that compressor operation is acceptable for
these suction conditions.  Calculations indicate that shaft power would be less than for more
normal suction conditions, but compressor overheating may still be an issue.  Subcooling is
assumed to be operative when one or two of the main compressors are operating.

The cost for mechanical subcooling is based on the assumption that the air-conditioning unit size
will be increased consistent with the higher capacity.  The cost of all components other than the
compressors has been scaled upwards proportional to the capacity.  Both gross and net cost
increases are reported in the table.  Note that the net cost is higher than for the baseline unit.

The variable tandem compressor option shown in the table was a prototype system which
Copeland developed but has not commercialized.  The variable speed compressor of this tandem
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set is based on technology for variable speed R-407C compressors used primarily in the Japanese
market.  This compressor is essentially a 3-ton compressor with modifications which is powered
by an invertor operating at frequencies from 40Hz to 100Hz.  The second compressor of this
tandem set is a standard 5-ton compressor.  The performance-optimized variable-speed tandem is
a hypothetical compressor set using a permanent magnet rather than induction motor for the
variable speed compressor.  The part-load efficiency of a permanent magnet motor is
significantly better at lower speeds, which accounts for the improved savings for this compressor
set.  However, the energy use improvement was not considered great enough to pursue
development of this option.

Key conclusions to be drawn from the compressor analysis are as follows.
• Energy efficiency alone does not explain the increasing popularity of scroll compressors, for

which a simple payback period of 11 years was calculated.  Additional benefits of these
compressors are reduced noise/vibration and improved reliability.  Weight and size of these
compressors are also lower.

• Mechanical subcooling improves efficiency but is not cost effective for air-conditioning.
• The Bristol Twin SingleTM is an attractive low cost approach to improve performance for

VAV systems.  The variable tandem assembled by Copeland had slightly better performance
but is expensive.

• Note that we did not analyze the Copeland DigitalTM option, or Copeland’s auxiliary-port
modulating scroll compressor design.  Good performance data for these options was not
available during the analysis phase of the project.

2.2.3 Heat Exchangers

Increase in size of heat exchangers was examined, as was use of microchannel heat exchanger
technology.  The heat exchanger analysis results are summarized in Table 9 below.
Table 9:  Heat Exchanger Design Option Summary

Microchannel Aluminum Fin/Copper Tube Coils
Option A B C D

EER 11 9 (Baseline) 11 11
Evaporator
    Face Area (sqft)
    Tube Rows Deep
    Latent Heat Ratio (%)
    OEM Cost

11.7
N/A
32%

2 x $1161

10.0
3

$233

Same
As

Baseline

Note 2
10.6

3
25%
$249

Condenser
    Face Area (sqft)
    Tube Rows Deep
    Air Flow (scfm)
    OEM Cost

22.8
N/A

9,500
2 x $1501

15.6
2

7,000
$283

24.9
2

11,200
$378

29.8
2

9,500
$435

Total OEM Cost $532 $515 $610 $684
Percent System Cost
Increase3

-5% to +0.5% - 3% to 5% 6% to 7%

Percent Energy Savings 11% - 11% 11%
Simple Payback Period (years) Up to 0.5 - 3 to 4 5 to 6
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1. Near-term future OEM Pricing.  Pricing given for two coils stacked one above the other.
2. This set of 11-EER coils gives equivalent thermal and pressure drop performance as compared with

the PF coil option.
3. Range of cost premium is based on the following possible factors

• $20 cost increase for Option C to allow higher condenser air flow
• $35 cost increase for Options C, D to achieve latent cooling ratio equivalent to Option A
• $15 cost reduction for Option A for refrigerant charge reduction
• $90 cost reduction for Option A for use of a single-unit condenser
• $70 cost reduction for Option A for use of a single-unit evaporator

A target EER of 11 was selected for heat exchanger upgrades.  Information on microchannel heat
exchanger performance and costs was developed by Modine.  The cost information assumes that
Modine establishes and ramps up production for large-size heat exchangers suitable for use in
rooftop units.

The analysis did not consider unit chassis increase, which may be required as a result of the heat
exchanger size increase.  The evaporator size increases were minimal, but condenser face area
increases from 46% for the microchannel condenser to 91% for Option D could very well require
unit size increase, which would result in significant additional cost increase.

Note that the heat exchanger costs have been calculated as for a manufacturer who purchases
heat exchangers rather than fabricating them.  This is the appropriate model for Aaon, our
manufacturing partner.  The economics for heat exchanger size increase using copper
tube/aluminum fin technology would be better for a manufacturer who fabricates their own heat
exchangers, assuming production volumes are at levels of 100,000 annually.  Likewise, the
economics of the microchannel heat exchangers would not be as attractive for such a
manufacturer, since it is assumed that microchannel heat exchangers would be purchased. The
scenario of a manufacturer setting up an in-house microchannel production line was not
analyzed; this approach may or may not be the most cost-effective, depending on numerous
factors, including production volume.

Key conclusions to be drawn from the heat exchanger analysis are as follows.
• If rooftop unit chassis size does not increase, boost of EER from 9 to 11 is cost effective

from the perspective of end-user economics.
• Microchannel heat exchangers can be more competitive for system efficiency boost than

conventional heat exchangers.  In particular, the required face area increase is less than for
conventional heat exchangers, thus making component swap without chassis size increase
more likely.  The economics for microchannel technology will depend heavily on the size
limits for these coils.  Furthermore, the projected costs are by no means assured, since
Modine has yet to establish and ramp up production to a level which would allow the
projected pricing.

• Microchannel evaporators have the potential for improved latent capacity.  This characteristic
is due to the lower surface temperatures of these heat exchangers, caused by the very low
refrigerant-side thermal resistance.
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2.2.4 Blowers, Fans, Motors

Options were examined for alternative evaporator blowers, condenser fans, and for alternative
motors to drive the blower and fans.

Evaporator blower options examined are summarized in Table 10 below.  The options
incorporate a blower selection as well as a motor selection.  The options are separated into
solutions associated with constant air volume (CAV) system design and variable-air-volume
(VAV) design.  Costs for the blowers include the costs of blower housings but not the possible
added cost associated with increased rooftop unit package size.

Although it was expected that backward-curved and/or airfoil blade blower designs would be
more efficient, actual performance data for equivalent-size blowers of these designs did not
indicate any better performance than the baseline forward-curved design.

Note that we did not during this phase of the project evaluate backward-curved plenum blowers,
the technology eventually chosen for the prototype design.  The efficiency level of the 18-inch
diameter backward-curved plenum blower used in the prototype was comparable to that of the
15-inch forward-curved baseline blower, based on manufacturer’s catalog performance data.  In
a plenum-blower arrangement, no scroll housing is used to collect and guide the air leaving the
blades tangentially around the wheel perimeter to a discharge.  Rather, the air discharges from
the blower blades directly into an open plenum.  This can be done with backward-curved (and
backward-slanted or airfoil) blower wheels, but not with forward-curved wheels.  The 15-inch
forward-curved conventional blower and 18-inch backward-curved plenum blower require a
similar amount of space.  While the 15-inch forward curved blower has a smaller wheel size, it
requires additional space for its housing and discharge duct transition in order to achieve its rated
performance level.
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Table 10:  Evaporator Blower Options

Indoor Blower OptionIndoor Blower Option Design Design 
LoadLoad11 (W)(W)

% Seasonal % Seasonal 
Energy Use Energy Use 
ReductionReduction33

% System % System 
Cost Cost 

IncreaseIncrease44

Simple Payback Simple Payback 
Period (years)Period (years)55OEM CostOEM Cost

Carrier Unit Baseline
15” FC Blower, 
3-Phase Induction Motor

1,259 - - -Blower Wheel $33
Motor $106

20” FC Blower,
3-Phase Induction Motor 1,089 1.4% 0.8% 6.4Blower Wheel $58

Motor $106

Continental 16” Airfoil Blower
3-Phase Induction Motor 1,339 - 28% -Blower Wheel $273

Motor $106

1Motor or Controller power input to deliver 4,000 cfm for ARI rating conditions

VAV
15” FC Blower,
Induction Motor with Inverter

1,311 36% 9% 2.6
Blower Wheel $33
Motor $106
Inverter $260

VAV
20” FC Blower,
Induction Motor with Inverter

1,135 38% 10% 2.6
Blower Wheel $58
Motor $106
Inverter $260

VAV
15” FC Blower,
Switched-Reluctance Motor

1,259 37% 15% 4.3Blower Wheel $33
Motor/Controller $550

Two-Speed Blower
15” FC Blower,
Two-Speed Induction Motor

1,259 29% 1.7% 0.7Blower Wheel $33
Motor $159

Energy savings for the VAV options presented in Table 10 assume use of the baseline
compressor arrangement:  two 5-ton single speed reciprocating compressors.  The high energy
savings for VAV are attributable to the significant reduction of power input (and associated
additional cooling load) during the many hours during the year in which the unit operates at part
load.  The last row of Table 5 shows that the baseline rooftop unit operates for roughly three
times as many hours during the cooling season with one or no compressors operating than it does
with two compressors operating.

Key conclusions of the evaporator blower investigation are as follows.
• The 15-inch forward-curved blower of the baseline unit provide a reasonable efficiency level

which improved blower options cannot cost-effectively increase.
• VAV operation makes a very large reduction in seasonal energy use.  The cost associated

with VAV, while high, is justified by the associated energy cost reduction.
• A switched-reluctance motor can improve only slightly on the energy savings associated with

an invertor-driven induction motor in a VAV system.  The added cost of the switched
reluctance motor is not justified.

• Two-speed operation can provide the majority of the energy savings benefit of VAV with
significantly less initial cost.

Condenser fan options are summarized in Table 11 below.  Each option represents both a fan
blade selection and a motor selection.  One of the options, fan staging, represents only a control
change as compared with the baseline arrangement.
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Table 11:  Condenser Fan Options

Condenser Fan OptionCondenser Fan Option DesignDesign
Load (W)Load (W)11

% Seasonal% Seasonal
Energy UseEnergy Use
ReductionReduction

% System% System
CostCost

IncreaseIncrease

Simple PaybackSimple Payback
Period (years)Period (years)OEM CostOEM Cost11

Carrier Baseline:
Revcor UT2203-24 Fan Blade
PSC Motor

600 - - -Blades 2 x $5.50
Motors 2 x $50

Best Sheet Metal Blade:
Revcor KH3004-21
PSC Motor

500 1.6% 0.6% 4.3Blades 2 x $15
Motors 2 x $50

Injection Molded Airfoil Blade
Multiwing 28-5-4ZR-PPG
PSC Motor

450 2.3% 2.0% 9Blades 2 x $352

Motors 2 x $50

Permanent Magnet Motor
Revcor UT2203-24 Fan Blade
Emerson PM Motor

580 0.3% 5.0% >20Blades 2 x $5.50
Motors 2 x $130

Two-Speed Motor
Revcor UT2203-24 Fan Blade
Two-Speed Motor

600 5.9% 1.7% 2.7Blades 2 x $5.50
Motors 2 x $75

1Two Fans
2This blade is  larger than required for the baseline condenser airflow.  Actual cost of  $47 reduced to take this oversizing into consideration

Fan Staging
Revcor UT2203-24 Fan Blade
PSC Motor

600 3.4% 0.1% 0.2
Blades 2 x $5.50
Motors 2 x $50
Contactor $2

While improvements in condenser fan blades do not add significant cost, the energy savings
impact of these improvements are also not large.  Our analysis shows that additional costs
associated with blade improvements are at best barely within acceptable payback period range.
Use of a permanent magnet motor in a single-speed scenario was far too expensive to justify the
savings resulting from improved motor efficiency.

The condenser fan options which were most attractive for consideration involve multiple speed
operation or staging.  The reduced-flow mode would be used when just one compressor is
operating.  Note that if the rooftop unit is configured with separate refrigerant loops for each
compressor, use of staging for the condenser fans requires that the condenser be interlaced, that
is, that the refrigerant circuits associated with each of the compressors are evenly distributed
over the condenser surface area.
2.2.5 Variable Expansion Valve

The variable expansion valve is a patented device (US patents 5,819,548 and 5,913,891) which
can provide zero-superheat operation of an evaporator with potentially less cost than a
thermostatic expansion valve.  The valve and its principle of operation are illustrated in Figure
10 below.  Two concentric tubes and a rod form a liquid-suction heat exchanger at the inlet and
exit of an evaporator.  The warm liquid travels down the inner tube, around the outside of the
rod.  The refrigerant exiting the evaporator passes between the concentric tubes.  The rod is made
of a material with a low coefficient of thermal expansion, and the tubes are made of a material
with a high coefficient of thermal expansion, preferably aluminum.  The evaporator end of the
rod pushes up against a flow control orifice.  As the liquid fraction exiting the evaporator
increases, the tubes are cooled, thus causing them to contract, resulting in more throttling at the
orifice.  When the liquid fraction decreases, the opposite occurs.  In this way, the variable
expansion valve can maintain evaporator operation with zero superheat.  The interchange heat
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transfer provided by the tube assembly assures evaporation of refrigerant to maximize system
efficiency and protect the compressors from liquid slugging.

Liquid

Suction Vapor
to Compressor

Dry-out Point

Flow Control Rod

Flow Control Orifice

Refrigerant Flow

Saturated Vapor Leaving
the Evaporator with

1–3% Liquid Carryover

Interchange
Section

(low thermal expansion coefficient)Evaporator

Figure 10:  Variable Expansion Valve

Our analysis results indicate that operation with zero superheat as opposed to 10F superheat as
assumed for the baseline unit will result in 0.5% cooling season energy savings.

An estimate for production volume costs of the variable expander with an integrated refrigerant
distributor for a 5-ton refrigerant load is $10.  The refrigerant distribution would be built into the
orifice region of the expander.  This approach reduces sensitivity to distributor angle, because the
refrigerant enters the distributor as liquid.  The approach also results in significant size reduction
for the distributor, since its pressure drop is almost equal to the condenser/evaporator pressure
differential.  A conventional 5-ton thermostatic expansion valve and distributor are estimated to
cost $23 and $5 respectively.  Hence, total cost reduction for a 10-ton two-compressor unit is
about $36, about 1% of its manufacturing cost.

The cost and savings are modest for the variable expander, but the ability to reduce both cost and
energy use make it an attractive option.

An alternative approach to use of the variable expansion valve would be to reduce evaporator
size and cost to obtain equal system efficiency but increased cost savings.
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Some preliminary test work to assess the viability of the variable expansion valve with a 2-ton
residential air-conditioning unit is described in Section 2.3.

2.2.6 Total Energy Recovery Wheel

Design study was done to determine an appropriate energy recovery wheel (ERW) size
and an appropriate approach to integrating the ERW in the rooftop unit. The selection of the
correct size for a given performance target made use of ARI certified performance data available
from the manufacturer and from the ARI website. Given the history of the industry and the
widespread availability of certified products, this is considered an important advance and helped
to ensure that the ERW would perform as intended in the design. Reference ARI 1060 and
ASHRAE 84. Key issues to be resolved included blower selection/arrangement and how to allow
for economizer operation.

Figure 11 below illustrates the integration of an energy recovery wheel in a rooftop unit.
The following integration issues specific to units with ERW’s are illustrated.

• The ERW imposes a pressure drop on both the supply of outside air as well as the exhaust of
air from the building. The source of recovered energy for the ERW is the conditioned exhaust
air from the space. An exhaust fan is required to overcome wheel pressure loss as well as the
negative pressure generated by the unit supply fan at the return compartment or plenum in
order to draw exhaust air through the wheel. Two options exist for the supply side. Either an
additional blower is provided, sized to overcome the wheel pressure loss (and any hood or
filter losses), supplying outside air to the mixing box; or the unit’s main supply fan can be
used to draw the outside air through the wheel. In order to avoid the first cost of an additional
blower, the advanced design prototype, described in Section 3,used the latter strategy.  With
this approach, a significant pressure drop may have to occur over the return damper, since the
pressure in the mixing box must be low enough to draw outdoor air through the ERW.  The
main blower must be sized to handle this additional pressure drop.  The life cycle cost impact
of these design decisions will vary with the percentage of outside air and relative costs of
heating versus electric energy, efficiency of the cooling plant, etc.

• If a unit is to incorporate true 100% outside air economizing, it must be possible to draw the
full system airflow from outside. For a 25% outdoor air unit with an ERW with design flow
equal to the outdoor air quantity, normal-mode ERW pressure drop is 1 in wc. Drawing the
full economizer air flow through the ERW would not be acceptable or practical due to
excessive pressure loss and blower requirements. A bypass damper can be used, or the ERW
can be oversized to accept the higher economizer air flow quantity with reasonable pressure
drop (ERW rotation would stop during economizer mode in both cases). A bypass damper is
also required for the exhaust side of the ERW in order to avoid excess building
pressurization.

• One of the most common sources of exhaust air in commercial buildings is toilet exhaust.
While building codes and model codes typically prohibit “recirculation” of the required
mechanical exhaust, this is not properly interpreted to preclude recovering energy from this
exhaust air. A recent suggested addendum to ASHRAE 62 (proposed Addendum y) attempts
to clarify this by allowing a small (less than 10%) amount of leakage from toilet exhaust in
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the process of recovering energy. To ensure that odor perception is not an issue and that
proper dilution is achieved, innovative methods of utilizing toilet exhaust, such as a separate
duct introduced into the return plenum or return compartment of the wheel in such a manner
as to preclude odor transfer to the supply (either through the wheel or the unit’s return
plenum) could be utilized.
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Figure 11:  Energy Recovery Wheel Integration Schematic

Cost estimates for four approaches for energy recovery wheel integration with a 10-ton
rooftop unit are summarized in Table 12 below, while energy savings and payback
period estimates are summarized in Table 13. The first of the four approaches involves use of
dampers to allow bypass of economizer air around the ERW. A classic economizer approach
involving the full unit air flow and minimization of compressor operation is assumed.The second
eliminates economizing as an option. The third and fourth involve use of oversized ERW’s in
order to reduce the impact of the ERW pressure drop during economizing mode. For these
options, operation with reduced economizer air flow and some compressor cooling is assumed,
since operation with full air flow results in excessive ERW pressure drop and blower power. The
summary itemizes key components besides the ERW, which are required, but it does not itemize
the additional cost associated with chassis size increase; the associated chassis increase can vary,
but could be significant. Key observations from this analysis are as follows:
• The total applied cost of adding an ERW to a rooftop unit includes components in addition to

the ERW.
• The lowest-cost approach is to give up economizing operation. Where appropriate, such as in

hot-humid zones, this may provide the most cost effective solution. However it is not a
universal solution, given current requirements for economizers in 90.1 and the energy
savings that are available with economizers in many parts of the country, particularly in
buildings with lower outdoor temperature balance points for cooling.
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• Oversizing the ERW to allow economizer air to flow through it is more expensive than use of
bypass dampers. It should be noted, however, that a larger ERW would achieve higher
effectiveness with lower pressure loss and thus a greater energy efficiency ratio, greater
energy savings, and lower energy consumption.

• Net cost (i.e. cost per square foot) for the unit with an energy recovery wheel can be lower
than conventional unit cost, since less evaporator capacity is required at the design condition.
This is due to the fact that the ERW provides “free” cooling of outdoor air using waste
energy in the exhaust air stream.

For the New York City Small Office results shown below, compressor power savings during the
cooling season are balanced by blower power increase (additional evaporator blower power plus
power for the exhaust blower). Most of the energy savings occur during the heating season. Note
that this result does not necessarily apply for hot climates, for which cooling season energy
savings would be achieved, but for which heating season savings would be significantly lower.
Table 12:  Energy Recovery Wheel Integration Cost Summary

Economizing Approach
Classic Approach
• Maximize airflow
• Minimize compressor use

Reduced-Air Approach
• Combine with VAV
• Maintain ~55F supply temperature

ERW Design CFM 2000 3900

Manufacturing Cost Premium $710 $1110
ERW

Exhaust Blower Wheel

Exhaust Blower Motor

Added Sheetmetal/Components

Dampers (two)

Damper Actuator (one)

Total % Cost Increase

Economize Around ERWEconomize Around ERW
(through dampers)(through dampers) Economize Through ERWEconomize Through ERW

2800

$860

Airxchange ERW Model ERC-3020 ERC-4639ERC-3628

$286 $890$639

$35 $35$35

$104 $104$104

$82 $82$82

2 x $100 $-$-

$103 $-$-

24% 37%29%
Net Capacity Increase 26% 31%27%

Net Cost Increase -2% 5%2%

No No 
EconomizerEconomizer

2000

$407

ERC-3020

$286

$35

$104

$82

$-

$-

14%
26%
-10%
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Table 13:  Energy Recovery Wheel Savings and Payback Period Summary

Baseline
(with VAV and
Economizer) EconomizeEconomize

Around ERWAround ERW Economize Through ERWEconomize Through ERW

ERW Options with VAV and EconomizerERW Options with VAV and Economizer

Percent Cost Increase
Gross  ⇒ Net1 - 24% ⇒ -2%

Annual Energy Use
Total Electric (kWh)
Gas Heat for Makeup Air (MMBtu)

  Total Primary Energy (MMBtu)2

6,241
72

140

Percent Cooling Season Energy
Savings - -10%

Percent Annual Primary Energy
Savings3 - 35%

Simple Payback Period (years) Instant

1Gross Cost Increase and Net Cost Increase for NYC Office, taking into consideration the increase in floor area served by the unit due to the 
capacity increase provided by the Energy Recovery Wheel
2Based on 11,000 Btu/kWh heat rate for electricity.
3 Percentages of baseline system primary energy use for cooling season and for heat of ventilation air in heating season.
4Cost and simple payback period do not include the cost associated with possible chassis size increase.

37% ⇒ 5%

10%

49%

1.8

29% ⇒ 2%

5%

44%

1.3

6,844
16
91

5,954
13
79

5,636
10
72

Airxchange ERW Model Number - ERC-3020 ERC-4639ERC-3628

2.3 Variable Expansion Valve Testing

Preliminary testing of a variable expansion valve was performed on a Carrier 2-ton residential
split system. The Carrier system was chosen because it is available with
R-410A refrigerant. TIAX has successfully produced variable expansion valves for smaller
applications, primarily in refrigerators and commercial vending applications.  While there was no
reason to believe that the concept could not be scaled up to the 5-ton size range required for
service in a two-compressor 10-ton rooftop unit, it was decided that prototype testing should be
performed with an air-conditioning unit of reasonably close capacity before a decision was made
whether to  continue with the concept for the rooftop prototype.  This testing would also be the
first time the concept was explored with R-410A.

A prototype variable expander was designed and fabricated, and the Carrier system was modified
to accommodate the 48-inch long valve.  The prototype valve was intentionally fabricated longer
than needed for testing purposes, as the ideal design length was one of the desired results of this
testing.  The variable expander attached to the existing carrier distributor to simplify the
installation.  The Carrier condensing unit was also modified by installing a bypass valve to
modulate the refrigerant flow rate to the prototype valve, simulating varying refrigerant flow
conditions anticipated in the final 10-ton prototype, for which testing with variable-speed
compressors was planned.  The indoor blower was also modified, allowing adjustment of the
blower speed, also in anticipation of the final VAV design.

Testing was performed in TIAX’s environmental chamber.  The air-conditioning system was
thoroughly instrumented to evaluate the performance of the variable expansion valve.
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Refrigerant-side pressures and temperatures, as well as air-side temperatures were monitored.
The conditions were varied as follows:

• Ambient Temperature:  80 °F to 95 °F
• Indoor (return) Temperature:  70 °F to 80 °F
• Indoor (return) RH %: < 50%
• Blower Speed:  50% to 100%
• Refrigerant Flow Rate:  33% to 100%

After adjustment of design parameters such as orifice size and clearance, the valve successfully
provided stable refrigerant flow control with zero superheat at the evaporator exit under the full
range of tested conditions.

The successful results of the testing with the 2-ton unit show that this type of valve can be used
for air-conditioning systems of multiple-tonnage capacity to provide zero-superheat refrigerant
flow control  Based on these results, the decision was made to proceed with a variable expansion
valve for the 10-ton rooftop unit prototype.
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3 Prototype Design

This section discusses the energy efficient rooftop unit design concept and background affecting
the definition, energy use, and cost analysis for the design concept, and some aspects of the
detailed design of the prototype.

3.1 Manufacturing Partner

The manufacturing partner played a key role in guiding the design process because the design
should ultimately be compatible with the manufacturing partner’s product line.

Although we initially were in discussion with Daikin-Modine, Inc. regarding partnership on this
project, we eventually reached agreement to partner instead with Aaon.  Aaon is a natural choice
for this project for a number of reasons including (1) Aaon’s reputation in the marketplace for
advanced energy-efficient products, (2) Aaon’s lead in the integration of Energy Recovery
Wheels in rooftop units, (3) Aaon’s interest in working with us and willingness to consider new
design concepts, and (4) Aaon’s strong financial condition, which would permit their
introduction of new models.  Collaboration with Aaon started in July 2000.

3.2 Design Concept Selection

After carrying out analysis as described in Section 2.2 for individual design options, we defined
a system design concept.  Key design options to which we attached high priority were:
• Increased heat exchanger size to achieve the ASHRAE 90.1-1999 requirement of 10.3 EER

for 10-ton electric-heat rooftop units.
• Variable Air Volume using an induction motor and inverter.
• Energy Recovery Wheel
Options which we were considering adding to the unit definition were:
• Microchannel Heat Exchangers
• Modulating compressor
• Variable Expander
• Condenser Fan Staging or Multispeed operation

In addition, we realized that we would need to have electronic control to assure optimum control
of VAV and/or the modulating compressor.

We discussed this design concept with Aaon during a full-day meeting with key Aaon
engineering staff and subsequent teleconferences.  Key considerations in adopting or adjusting
the design concept were as follows.
• The Bristol compressor line is not strong above the 5-ton size, which would limit suitability

of a Bristol solution to the smaller units of Aaon’s product line. It was felt that Bristol’s Twin
SingleTM product, while potentially providing a low-cost approach to compressor modulation,
did not have sufficient field history, leading to concerns regarding reliability. This is one of
the key issues considered when selecting a compressor, and the project team was more
comfortable selecting scroll technology, which is known for good reliability.
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• Copeland’s variable-speed tandem, admittedly not much more than a laboratory prototype,
was considered far too expensive.  We had great interest in pursuing the DigitalTM Scroll
technology, but this development was not mature enough to fit in our prototype fabrication
and testing schedule.  It was agreed that we would test with conventional scroll compressors
and the variable-speed tandem, but that the conventional compressors would likely be used in
production.

• Aaon expressed a strong desire to retain the separate-circuit compressor design approach of
the baseline unit.  This approach is standard practice for Aaon.

• Commitment to microchannel heat exchangers for production was clearly premature, since
Modine had not yet set up production facilities which would allow them to sell heat
exchangers with costs as projected during the Analysis phase of the project.  However, there
was great interest in assessing the viability of microchannel heat exchangers.  Hence, a
decision was made to test both conventional and microchannel heat exchangers during the
Prototype phase of the project.

• Design of aluminum fin/copper tube heat exchangers with interlacing of the separate
compressor circuits was recommended in order to achieve good part load efficiency.
Interlacing involves designing the heat exchanger such that each circuit is spread evenly
among the tubes so that most of the fin surface is still active and most of the air “contacted”
by the active circuit when only one compressor is running.  This approach is essential in
order to allow staging of condenser fans.

• VAV was already an option for Aaon rooftop units, even down to 2.5-ton capacity level.
However, it was not clear how to control a VAV system using two 5-ton single-speed
compressors.  The conventional approach to VAV involves setting of air flow rates based on
building thermostat signals and adjustment of discharge temperature by cycling of multiple
compressors and/or use of hot gas bypass, which provides good control but is inefficient.  A
solution to this problem was subsequently developed (see Section 3.4).  A second issue with
VAV was maintaining constant outdoor air flow.  While use of a separate outdoor air blower
was considered, a damper-based approach was eventually used due to the cost of the blower
approach.

• Liquid subcooling in an arrangement in which subcooling is done with evaporator discharge
air was considered reasonable and potentially worth pursuing.  Pursuit of mechanical
subcooling was not adopted due to costs, undesirability of increasing the number of
compressors in the system, and the desire for separate circuit design for the compressor
system.

• The Aaon B-Box was identified as the suitable package arrangement, since this was used for
10-ton Aaon units.  Some increase in the package height was anticipated in order to improve
efficiency of the blower.

• It was decided to integrate the variable expander into the system.  The layout arrangement of
the Aaon B-box is amenable to a reasonable expander length.  However, the expander was
not immediately successful during testing, described in Section 4.3, leading us to reconsider
this option and instead use electronic expansion valves.

• Use of an Airxchange Energy Recovery Wheel was adopted, using an economizer with
damper bypass around the wheel.
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• Aaon had converted most of their product line to Acme backward-curved plenum blowers to
replace forward-curved evaporator blowers.  Hence, this design made the most sense for the
design concept.  The efficiency of the Acme blowers was determined to be close to that of
the 15-inch diameter forward-curved blower of the Carrier teardown unit.  While this design
selection did not necessarily provide significant energy savings, it made sense in order to
preserve consistency with Aaon design.

• The permanent magnet and switched reluctance motor options clearly did not make sense.
However, investigation and selection of alternative induction motors was deemed
appropriate.

Based on these design guidelines, the key component selections listed in Table 14 were adopted.
Table 14:  Prototype Key Component Selections

High-Efficiency Design Alternate1

Compressors Two 5-ton ZP54 scroll One 5-ton ZP54
One 5-ton Variable-Speed ZP32

Heat Exchangers:  Type
Condenser:
    Face Dimensions---Area
    Depth
Evaporator:
    Face Dimensions---Area
    Depth
ARI Rating Point EER

 Fin/Round Tube

46” x 72”---23 sqft
2 Rows (1.8”)

40” x 42”---11.7 sqft
3 Rows (2.7”)

10.3

Microchannel (PFTM)

46” x 72”---23 sqft
0.83”

40” x 42”---11.7 sqft
1.07”
11.0

Expansion Device Variable Expansion Valve
Energy Recovery Wheel Airxchange ERC-30202

Main Blower:  Wheel
    Motor
    Variable Frequency Drive

Acme 185 BC Plenum Fan
3-phase 208V 3 hp Motor

Baldor 15J Minidrive
Exhaust Blower Acme 150 BC Plenum Fan

3-phase 208V 1 hp Motor
Condenser Fans (2) Revcor KH2404-29

3-phase 208V ¾ hp motor
Economizer Bypass
Dampers

Ruskin CD60 34” x 7.5”

Mixing Dampers OA:  Ruskin CD60 36” x 20”
RA:  Ruskin CD60 36” x 14”

Damper Actuators Belimo LM245R (Proportional)
1 These alternative options were tested in the Laboratory Test Phase.
230-inch wheel size, design air flow 2000 cfm at 1 in wc pressure drop

The unit layout, based on the Aaon B-Box package, is shown in Figure 12 below.  The unit’s
condenser is cantilevered at an angle off the side of the unit’s main box.  The condenser angle
prevents hail damage.  The electrical box and compressors are accessible from one end of the
unit—the compressors sit on a raised shelf to reduce vibration transmission to roof curbs.  In
Aaon B-Box units the gas train of gas-heat units is located underneath the compressor section.
However, our energy efficient prototype does not have a heating section, allowing space for the
electric box and controller in this area.  The return plenum is located just right of the center of
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the unit when facing the side opposite the condenser.  Return air flows right towards the energy
recovery wheel and left through the return damper.  Outdoor and return/exhaust flows are
separated by a horizontal divider extending from the outdoor air intake to the energy recovery
wheel and further to the mixing dampers.  The exhaust blower is located underneath this divider
on the “outdoor” side of the wheel.  The outdoor air passing through the energy recovery wheel
passes through the outdoor air damper.  After mixing, the air passes through the main filter and
then the cooling coil.  The blower is mounted in a plenum box which slides out for access to the
blower and its motor.  The energy efficient prototype has a box simulating the Aaon B-Box’s
furnace box—the blower plenum mounts on top of this box.

PLAN VIEW

ELEVATION VIEW

Exhaust Air

Ventilation Air

Compressors

Condenser Section

Energy Recovery WheelDampersMain Blower

Furnace
Box

Evaporator

Exhaust Blower

Figure 12:  Prototype Rooftop Unit Layout

The unit’s refrigeration system schematic is shown in Figure 13 below.  The schematic shows
connections for both conventional and microchannel heat exchangers.  Interlacing of the
conventional heat exchangers allows for use of separate circuits for the two compressors while
still maintaining good part-load performance.  However, for the microchannel heat exchangers, a
tandem compressor arrangement was selected in order to assure good part-load performance,
since interlacing of these coils was not possible.  The refrigeration circuit schematic shows the
integration of the variable expansion valves with the system.  As discussed in Section 4.3,
however, much of the testing was done with Sporlan SEI-6 electronic expansion valves, since the
variable expansion valves would have required more development effort than was possible for
this project.
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Condenser

Evaporator
Compressor

Compressor

Indoor Blower

Figure 13:  Refrigeration System Schematic

The conventional heat exchanger circuiting is shown in Figure 14 below.  The interlacing of the
circuits throughout the heat exchangers results in good part load performance by assuring use of
most of the heat exchanger fin surface when only one of the compressors is operating.  For the
evaporator, one of the circuits was arranged to be flowing primarily downwards.  This is the
circuit to be used with the variable speed compressor, since this arrangement assures good oil
flow through the evaporator at low compressor speed.
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Condenser Evaporator

Figure 14:  Heat Exchanger Circuiting

The rooftop unit’s shell was fabricated by Cambridgeport Air Systems (of Canton, MA) of post
and panel construction, rather than the sheet metal construction used by Aaon.  It was not
possible to use a B-Box chassis because the unit was sized taller than the B-Box design to
improve blower efficiency.  It was advantageous to use a Cambridgeport shell, because the post
and panel design was easier to adapt to the required dimensions.

3.3 Cost and Energy Use Analysis for Design Concept

Manufacturing cost and energy use was analyzed for a rooftop unit incorporating all of the
design changes considered for the energy efficient prototype.  The comparison of cost estimates,
energy savings, and economics is shown in Table 15 below.  The table shows results for four
configurations representing the energy efficient design and alternatives for the heat exchangers
(conventional and microchannel) and for the compressors (conventional and modulating).

Total cost increase for the unit as compared with the 9 EER baseline ranges from $1,000 to
$1,700.  However, the effective capacity increase associated with the ERW reduces the net
impact of the cost increase, giving a range of net cost increase from 0% to 32%, depending on
mix of design options and location.
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Both cooling season and heating season energy savings are presented in the table.  The ERW is
responsible for the heating season energy savings, providing preheat for outdoor ventilation air.
Energy savings are represented as percent of baseline unit cooling season primary energy use.  A
total heat rate of 11,000 Btu/kWh is used for grid-supplied electricity to make this calculation.
As is expected, the heating season energy savings depend significantly on climate, with the most
heating season energy savings calculated for New York City.

Table 15:   Summary of Design Concept Cost, Savings, and Economics
Configuration Number

Design Option Manufacturing
Cost Premium

1 2 3 4

10.3 EER Fin/Round
Tube

$47 X X

11 EER Microchannel -$160 to +$16 X X
VAV $260 X X X X
Modulating Compressor $1001 to $420 X X
Energy Recovery Wheel $710 X X X X
Electronic  Control $35 X X X X
Variable Expansion Valve -$12 X X X X
Condenser Fan Staging $2 X X X X
Additional Hardware2 $200 X X X X
Total Cost Increase $1,000 to

$1,200
$1,100 to
$1,600

$1,300 to
$1,700

$1,200

Capacity Increase3    New York
                                  Fort Worth
                                  Albuquerque

26%
33%
19%

Net Cost Increase4   New York
                                  Fort Worth
                                  Albuquerque

6% to 11%
0% to 5%

12% to 18%

9% to 22%
3% to 15%
15% to 29%

14 to 24%
8% to 18%
21% to 32%

11%
5%
18%

Heating CoolingSavings5

New York
Fort Worth
Albuquerque

56%
15%
38%

42%
46%
38%

51%
51%
43%

44%
44%
36%

34%
34%
30%

Simple Payback Period  New York
                                          Fort Worth
                                          Albuquerque

0.7 to 1.4
0 to 0.7

1.6 to 2.4

1.0 to 2.4
0.3 to 1.7
1.9 to 3.6

1.7 to 2.9
1.0 to 2.2
2.9 to 4.4

1.5
0.7
2.7

Note:  Baseline Unit and all configurations above are assumed to include an economizer.
1The lower end of the cost premium for modulating scroll compressors is not known.  The $100 estimate
is rough but is not unreasonable, assuming primarily mechanical changes to the existing design (as would
apply for the Copeland Digital Scroll, for example).
2Added damper motor and sensors.
3Capacity Increase represented by inclusion of the Energy Recovery Wheel.
4Per square foot of floorspace, taking the capacity increase of the ERW into consideration.
5Cooling and Heating season energy savings are expressed as a percent of baseline unit cooling season
primary energy use (assuming 11,000 Btu/kWh energy rate).  Heating season energy is saved by the
energy recovery wheel for heating of makeup air during the heating season.
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Overall economics for the rooftop unit design concepts also depend on climate.  The shortest
payback periods occur in regions with the highest cooling load associated with conditioning of
hot humid ventilation air.  This is because the energy recovery wheel allows for downsizing of
the refrigeration system in these locations.  Depending on rooftop unit configuration and climate,
we have calculated simple payback periods ranging from 0 to 4.4 years.  Note that although the
energy recovery wheel may allow downsizing of a gas furnace or electric heat, the cost impact of
this capacity reduction is more modest than the cooling system cost reduction.  For these reasons,
reduction of rooftop heating system cost associated with presence of an energy recovery wheel
has not been considered.

3.4 Control System Development

3.4.1 Key Control Functions and Challenges

The key design features of the rooftop unit which require special control system treatment are
VAV, compressor modulation, and control of the exhaust blower for both energy recovery wheel
and economizer operation.  The variable expansion valve and/or the electronic expansion valve
used during the test phase have inherently self-contained control with which the main control
system does not need to interface.3

Most conventional rooftop units of the 10-ton size do not have VAV.  Furthermore, few or none
currently have compressor modulation such as the variable speed or Bristol TSTM approaches
discussed in this report.

Staging of two compressors with conventional controls is done with a two-stage thermostat.
This control can be emulated or improved upon with microprocessor-based control.  Taking full
advantage of compressor modulation, however, requires more control sophistication.

Implementation of VAV typically affects the entire air-conditioning system rather than just the
air-conditioning unit itself.  VAV terminal units modulate flow of air to individual zones based
on zone thermostat signals.  Air flow at the air-conditioning unit is adjusted to maintain constant
pressure in the main air distribution duct near the inlet to the most distant terminal unit.  The
standard approach for this adjustment is use of a variable-speed drive to vary blower speed.
Finally, discharge temperature is maintained at a constant level using chilled water flow control
for central systems, and compressor staging and/or hot gas bypass for unitary systems.

Application of VAV to smaller unitary systems has a few basic challenges associated with it.
Ten-ton units generally have two five-ton single-speed compressors.  Hence, control of air
discharge temperature using compressor staging is quite coarse.  The recommended cycle
frequency limitations (i.e. minimum of about 5 minutes for the entire on/off cycle) for
compressors will result in fluctuating discharge temperature.  Use of hot gas bypass can provide
good control, but is does not achieve energy saving objectives.  The rooftop unit market position
as a lower-cost approach to air-conditioning and the importance of the replacement market are

3 Interface between the main control system and the electronic expansion valve could be used to improve
performance, but was not addressed as part of this project.
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also challenges for introduction of VAV.  The cost associated with terminal units and duct
pressure sensing and control add further to the cost of the variable-speed drive to make a VAV
installation prohibitively expensive for many rooftop unit applications.  The requirement for
retrofit of the duct system to allow for terminal units represents a significant impediment to
introduction of VAV for existing systems.

A new VAV control approach named “Reverse-VAV” has been developed to address the
challenges of VAV integration with unitary air-conditioning units.  This approach is contrasted
with the conventional approach in Table 16 below.  In the Reverse approach, the space
thermostat controls the compressor and the unit’s air flow is adjusted to achieve desired
discharge temperature.  VAV terminal units could be used to improve local control but are not
absolutely necessary.  The approach is much more adaptable than conventional VAV to the
range of installation scenarios that might apply for rooftop units, from replacement in a constant
air volume system to full use of conventional VAV components.  Full applicability to constant
air volume systems may be affected by the ability of existing air diffusers to mix supply and
room air properly, but this would be an issue also for installation of a conventional VAV system
in an existing building.

Table 16:   VAV Control Approach
Conventional Reverse-Control

Zonal Air Flow Control Terminal Boxes in each zone
throttle based on thermostat

None required.  However
conventional terminal boxes or

less-sophisticated zone dampers
could be used.

System Air Flow Control Main Blower speed modulated to
maintain main duct pressure

level

Main Blower speed modulated to
maintain suitable air discharge

temperature
Compressor Control Compressors modulated to

maintain air discharge
temperature (usually with hot gas

bypass for rooftop units)

Compressors modulated or
cycled to satisfy main thermostat

A further challenge for rooftop units with VAV is the need to maintain ventilation air flow rates
as prescribed by ASHRAE Standard 62.  As the main air flow rate varies, ventilation air flow
will also vary, unless the design takes this into consideration.  The presence of the ERW adds
additional challenge, because the ERW pressure drop should remain constant, while the pressure
drop through the rest of the system changes significantly.

Two approaches to maintaining constant ventilation air quantity were considered:  use of a
separate blower for ventilation air, and adjustment of mixing dampers to assure constant
ventilation air flow.  The damper approach was selected to avoid the significant cost increase
associated with adding a blower.  Pressure drop across the outdoor air side of the ERW is used as
an indicator of flow rate, and the return damper modulates to control ventilation air flow rate.
Control of both the outdoor and return dampers could be coordinated to make the control system
more robust to the range of possible installation situations.
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Control of compressor staging or compressor modulation would be done with a thermostat or
done based on a temperature sensor signal.  We developed an approach to control of a
modulating compressor system but did not implement it in the prototype.  Instead, we
implemented control for staging of two single-speed compressors.

One of the areas of opportunity of which the controls development took advantage is the ability
for a VAV system to adjust sensible heat ratio and thereby partially decouple latent and sensible
cooling of the space.  As mentioned above, with the Reverse-VAV control approach, air flow is
modulated in order to achieve the desired discharge temperature.  The desired discharge
temperature can itself be varied in order to adjust sensible heat ratio.  While this does not provide
as complete a decoupling of latent and sensible loads as would an active desiccant
dehumidification system, it does add some control flexibility.  Use of an ERW can significantly
reduce the latent heat portion of the evaporator load, and allow Reverse VAV with discharge
temperature adjustment to supply the range of sensible/latent loads which would be expected in
offices and similar building applications.

Switching between ERW and Economizer modes is a control challenge presented by ERW units
which most conventional units do not address.  A number of operating modes can be considered,
as illustrated in Table 17 below.  The blower power required for the minimum ventilation air to
pass through the ERW is justified when the enthalpy difference between outdoor and return air is
large enough.  When the system can economize, full flow bypassing the ERW is required.
During other times, the minimum ventilation air flow should bypass the ERW.
Table 17:  Rooftop Unit Operating Modes

Conditions ERW ERW Bypass System
Hot Humid Turning Closed Cooling
Moderately Warm Off Minimum Air Flow Cooling
Cool Outside, Warm Inside Off Full Flow Economizing/Cooling
Cool Outside, Cool Inside Off Minimum Air Flow Heating
Cold Turning Closed Heating

Due to complexity, our prototype control system did not address the moderate conditions during
which minimum air flow bypass around the ERW is the best approach.  Our ventilation air flow
sensing approach based on ERW pressure drop does not work for this mode.  Hence, adding this
capability would represent an additional system improvement.  We also did not incorporate
heating in the system.

A final challenge presented by VAV is that prevention of excess humidity in the space during
humid but cool outdoor conditions becomes more complicated.  The difference between outdoor
and indoor humidity levels must be greater if the unit is to maintain latent capacity in economizer
mode when the air flow rate is low.  An approach using both absolute humidity and dry bulb
temperature minimums was used, rather than  the conventional enthalpy- or temperature-based
economizer changeover.



3-11

The control system operational sequence is described in Appendix B.  The control system
development done for this project represents a first attempt at incorporating many of the
approaches discussed in this section.  Commissioning and adjustment of the control system is
described in Section 5.4.  It is anticipated that further work on the control system will result in
better optimization of both space conditions and energy use.

3.4.2 Dynamic Analysis

Dynamic analysis was done to assess the possibility of unstable control and to prepare for future
control optimization.

As mentioned above in Section 3.4.1 and also in Appendix B, blower speed is adjusted to
maintain discharge temperature setpoint, while the return damper is modulated to maintain
ventilation air flow rate.  The use of separate Single-Input/Single-Output PID control loops was
anticipated for control of these parameters, in order maintain a conventional approach to control
system development and tuning.  The potential for instability involving the blower and damper
control was postulated because both the return damper and blower speed affect both ventilation
air flow rate and total air flow rate.

A dynamic model of the rooftop unit  was constructed using the MatLab/Simulink analysis
platform.  The dynamic response to compressor staging was examined for a range of operating
conditions involving outdoor air flow rate of 500 and 2,000 cfm, discharge temperature setpoints
of 55ºF and 60ºF, and outdoor temperatures from 70ºF to 100ºF.  Control parameters were set
consistent with the relatively slow dynamics typical for but also acceptable for air-conditioning
systems.  The analysis showed that stable behavior of the multiple PID control approach was
possible.

While the dynamic simulation model was not subsequently used for optimization of control
system architecture and/or control parameters, the tool remains available for future refinement of
the control system.

3.4.3 Control System Hardware

Implementation of controls for the prototype rooftop unit was done with an industrial-style
programmable logic controller (PLC).  This was done because of the flexibility offered by the
PLC for development of the control algorithms and the possibility for subsequent adjustments.
The controls would be implemented in a production rooftop unit with a more conventional
microprocessor-based system, which may have to be custom designed to minimize cost.

An Allen-Bradley Micrologix 1500  PLC with seven Analog I/O expansion modules for I/O was
selected.  This PLC has a user interface with a numeric display which allows viewing and
adjustment of key control parameters and viewing of key I/O.

Details regarding the controls and the electric schematic are presented in Appendix B.
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Experimental

4 Laboratory Testing

4.1 Summary

Laboratory testing was done in TIAX’s environmental chamber test facility.  The environmental
chamber houses the prototype rooftop unit and can be controlled for desired temperature and
humidity representing ambient conditions.  An enthalpy loop is used to set and measure
evaporator air supply and return conditions.  The test facility and associated instrumentation is
discussed in Section 4.2 in more detail.

As discussed in Section 3.2, a prototype design based on conventional compressor and heat
exchanger technology was selected—this is called Configuration 1.  Alternative specifications
for the heat exchangers and the compressor system were also tested.  The Configuration 1 design
included conventional aluminum fin/copper tube heat exchangers and two single-speed 5-ton
scroll compressors.   The heat exchanger alternative was microchannel heat exchangers, and the
compressor system alternative was the prototype tandem compressor incorporating one single-
speed 5-ton scroll compressor and one variable-speed 5-ton compressor.  Prototype
configurations tested during the laboratory testing phase included Configuration 1, a variable-
speed compressor configuration, and a microchannel heat exchanger configuration.

Rooftop unit Configuration 1 was initially set up with variable expansion valves (see Section
2.2.5).  Control of refrigerant flow with these valves was not acceptable even after some
modifications aimed at improving performance.  This work is discussed in greater detail in
Section 4.3 below.  More work would have been required to assure acceptable performance of
the valves, but the project schedule did not allow for this.  Hence, we replaced the variable
expansion valves with Sporlan SEI-6 electronic expansion valves.

Some work was done to assure that the prototype unit was operating properly and that
measurements were accurate and repeatable.  This commissioning work was done as required for
each prototype configuration through the course of the test program.  The key change in the
rooftop unit design made during this time was increase of the condenser blade angle from the
initially specified 29 degrees to 32 degrees.  This increased condenser air flow but did not
require larger fan motors.

The prototype configurations and tests performed with each configuration are listed in Table 18
below.  Test results are discussed in the sections below.
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Table 18:  Rooftop Unit Laboratory Test Matrix
Configuration No. 1 2 3
Compressors Two 5-ton ZP54

scroll, separate
circuits

Tandem consisting of
one 5-ton ZP54 and
One 5-ton variable-

speed ZP321

Tandem consisting of
two 5-ton ZP54 scroll

Heat Exchangers Round Copper Tube/
Aluminum Fin

(RCTAF)

Round Copper Tube/
Aluminum Fin

(RCTAF)

Microchannel
Condenser

Round Copper Tube/
Aluminum Fin

Evaporator
ARI Rating Point

Capacity/EER
ARI Rating Point

Capacity/EER
ARI Rating Point

Capacity/EER
ARI IPLV ARI IPLV ARI IPLV

Energy Recovery
Wheel Test

Hot Dry Test

Tests Completed

Latent Capacity Test
Notes:
1.  See Section 2.2.2 for more description about this compressor set.

After completing the steady-state tests listed in Table 18, preliminary commissioning work was
done on the control system.  During this time initial values for control parameters were set.

4.2 Test Facility and Instrumentation Summary

Testing of the prototype unit was performed in our dedicated test facility, designed for testing in
accordance with ASHRAE Standard 37.  The outdoor ambient conditions were simulated in our
12 ft. x 15 ft. environmental chamber, where the temperature and relative humidity could be
accurately controlled.   The indoor air conditions were maintained in a separate ducted loop,
where temperature and relative humidity were also accurately measured and controlled.

The environmental chamber is cooled by a primary 15-ton chiller, providing chilled water to fan
coil units located in the ceiling of the chamber.  In order to maintain conditions in the chamber
during testing of the 10-ton unit, additional cooling was provided with a 10-ton air-cooling unit
ducted into the chamber.  Humidity was controlled by an independent PID controller, modulating
a steam injection valve to maintain the desired conditions.

The indoor air loop housed the instrumentation for accurately measuring the overall unit
capacity.  Dry bulb temperatures were measured using thermocouple arrays in both the insulated
supply and return ducts.  Humidity was measured using chilled mirror humidity sensors,
providing accurate absolute humidity measurements of both air streams.  Airflow rates in both
the supply and return ducts were measured with Vortex airflow stations.  All instrumentation was
monitored by a data acquisition system to provide real-time capacity measurements.
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The indoor loop also contained electric resistance heaters and a dedicated steam boiler to provide
the required heat and humidity loads to the system.  Both the heaters and the boiler were
controlled by PID control loops for accurate, stable control.

4.3 Variable Expander Testing

Initial testing of a variable expansion valve in a 2-ton air-conditioning unit (see Section 2.3)
demonstrated that this technology can be adapted to muli-ton air-conditioning units.

Two variable expansion valves were designed, fabricated, and installed in the prototype rooftop
unit.  Each expansion valve was nominally sized for 5 tons to provide a total of 10 tons at the
rated design conditions.  Assembly and installation difficulties were overcome early in the
testing.  The valve design incorporated threaded adjustment screws so that the critical orifice
spacing could be adjusted while the refrigeration system was operating.  This real-time
adjustment allowed the valve to set at its optimum position for the rated design conditions.

The variable expansion valves performed well at the rated design conditions.  The evaporator
operated with minimal superheat and refrigerant was evenly distributed through all of the
circuits.  However, difficulty was encountered at off-design conditions.  After significant testing,
it was determined that additional valve length would be required for proper operation of the
existing valve design across the full range of conditions.  This was not anticipated based on our
previous preliminary valve testing with the 2-ton residential system.  The decision was made to
abandon the use of the variable expansion valve for the prototype unit. Although it was felt that a
fully functioning valve design was possible, the time required to work through the design
modifications and assure that the valves were working properly would not have been consistent
with the project schedule and scope.

4.4 Microchannel Heat Exchanger Testing

A general description of testing with the microchannel heat exchangers is described in this
section.  Performance test results using the micrcochannel condenser with the conventional
round-copper-tube/aluminum-fin evaporator are discussed in other sections.

Initial testing with both microchannel  heat exchangers resulted in evaporating temperatures in
the low 30’s ºF, very low capacity, and extremely high rates of condensate collection on the
evaporator.  These results were confirmation that the distribution technology used by Modine for
this vertical-header evaporator was not working properly.  The evaporator was made of two
separate evaporators with design detail listed in Table 19 below.  The two evaporators were
positioned one over the other, and they were supplied refrigerant through two individually-
controlled electronic expansion valves.
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Table 19:  Microchannel Heat Exchanger Design Detail
Evaporator

(data for one of two)
Condenser

(data for one of two)
Core Face Dimensions (H x W, inches) 20 x 42 23.5 x 72
Depth (inch) 1.07 0.83
Fin Density (FPI) 19 20
Number of Tubes 50 60
Number of Distribution Header Inlet Tubes 10 N/A

The refrigerant distribution for these evaporators is based on division of the 20-inch vertical
header into numerous header sections, each of which serves a number of parallel flow tubes.
Each of the header sections is fed with a ¼-inch tube.  Flow into the ¼-inch tubes is assured by
use of a conventional refrigerant distributor, located just downstream from the thermostatic
expansion valve.  The suspected problem with the microchannel evaporator was poor distribution
from each of the header sections into the 5 tubes which each one was feeding.  We did not take
detailed measurements to confirm that this was the issue.  However, Modine informed us that
they have observed similar issues with this distribution approach for vertical-header evaporators.

Because our schedule did not allow fabrication of a new set of evaporators which would be
oriented with horizontal headers, we continued our testing work using the microchannel
condenser and the conventional evaporator.  Initial testing with this arrangement resulted in
unsteady head pressure fluctuations.  This was due to the significant mismatch of internal
volume of these two heat exchangers.  Displacement of some refrigerant from the evaporator to
the condenser caused a significant portion of the condenser to be filled with liquid, thus reducing
condenser effectiveness which led to pressure spikes. In order to alleviate this pressure instability
problem, we installed a receiver in the liquid line.  This additional component would not have
been required if we were able to use the microchannel evaporator.

4.5 ARI Capacity and IPLV

The capacity rating point (EER) and IPLV test conditions are the official ARI tests for rating of
unitary air-conditioners of commercial capacity range (above 65,000 Btu/hr). Evaporator return
air conditions for both of these tests are 80 oF DB and 67 oF WB. Ambient conditions are 95 oF
for the capacity test and 80 oF for the IPLV test. The capacity test rates design-condition
performance, while the IPLV test rates part-load efficiency. The IPLV test is run at all of a unit’s
capacity stages, and an integrated efficiency is calculated as the IPLV.

ARI rating point capacity and EER test results for the prototype unit’s configurations are
summarized in Table 20 below.  The capacity of the unit ranged from 112,000 to 119,000 Btu/hr
depending on the configuration, not quite up to a full 10 tons (120,000 Btu/hr).  While the
capacity was highest for the fully conventional Configuration #1, power input was lowest for the
microchannel Configuration #3.  The lower power input of the microchannel arrangement is due
primarily to the reduced condensing temperature and lower condenser fan power.  Note also that
the sensible heat ratio was lower for Configuration #3.  This is due to the reduced evaporator
temperature, which is made possible by the reduced condenser temperature.  The variable speed
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tandem compressor set used in Configuration #2 did not perform well at full load.  Its EER in
particular was low at full load, due to high compressor power input. This result was not
unexpected, since the variable-speed compressor was of nominal 3-ton size operating at high
speed.
Table 20:  ARI Rating Point Performance Test Summary
Unit Configuration
    Compressor Configuration
    Condenser
    Evaporator
    Evaporator Air Flow (scfm)
    Percent Outdoor air
    Refrigerant Charge (lb)

1
Two 5-ton SS
Conventional
Conventional

4,000
0%

2 x 10lb

2
Tandem, VS
Conventional
Conventional

4,000
0%

20 lb

3
Tandem, Two 5-ton SS

Modine PFTM

Conventional
4,000
0%
12lb

Test Temperatures (°F)
   Condenser Inlet Air DB
   Unit Return Air DB/WB
   Condensing (°F)
   Evaporating (°F)

95
80/67

116.5 / 113.41

51.1 / 50.71

95
80/67

95
80/67
109.0
50.6

Capacity Data
    Total Capacity (Btu/hr)
    Sensible Capacity (Btu/hr)
    Sensible Heat Ratio

119,000
86,000
72%

112,000 113,000
77,000
68%

Power Input (W)
    Compressors
    Evaporator Blower
    Condenser Fans
    Controls
    TOTAL

8,300
1,380
1,260
    70

11,010

9,390
1,380
1,260
    70

12,100

7,820
1,380
1,190
    70

10,460
EER 10.8 9.3 10.8
1The two temperatures represent the two refrigeration loops

IPLV test results for the three configurations are shown in Table 21 below.  Two IPLV results
are shown for Configuration #1.  For one of these two tests, only one condenser fan operates at
part load, while both condenser fans operates at part load for the second test.  Because IPLV is
better when staging the condenser fans, this approach was used for subsequent testing with the
other system configurations.

Note that results are shown for Configuration #2 for four capacity stages.  This configuration
includes the tandem compressor set with one variable speed compressor.  Compressor operation
for these tests were as follows for the four stages.
1. SS compressor OFF, VS compressor 40Hz
2. SS compressor ON, VS compressor OFF
3. SS compressor ON, VS compressor 40Hz
4. SS compressor ON, VS compressor 100Hz
Note that, while the variable speed compressor is less efficient than the single-speed compressor
at full-speed, it is more efficient at low speed.  Hence the EER of Configuration #2 is quite low
but the IPLV for this configuration is quite high.
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The use of tandem compressor sets represents an advantage for Configurations #2 and #3 over
Configuration #1 in an IPLV test.  Note that Configuration #2 Capacity Stage #2 has a 13.5 EER,
while the equivalent Configuration #1 Capacity Stage #1 with one condenser fan operating has a
13.2 EER.  This shows that, while the aggressive heat exchanger interlacing of our design
improves IPLV, use of a tandem compressor set provides even more improvement.
Table 21:  IPLV Test Results Summary

System
Configuration

Capacity
Stage

No. Cond
Fans

Capacity
(Btu/hr)

Power
(W) EER IPLV

1 1 77,454 5,860 13.21
2 2 124,632 10,060 12.4

13.1

1 2 78,300 6,080 12.91
2 2 124,632 10,060 12.4

12.8

1 1 44,000 3,220 13.7
2 1 78,000 5,770 13.5
3 2 110,000 7,240 15.2

2

4 2 127,500 10,360 12.3

13.8

1 2 80,848 5,670 14.33
2 2 122,383 9,260 13.2

14.1

The aggressive interlacing of the TIAX rooftop unit design and its affect on part load
performance is illustrated in Table 22 below, which compares the TIAX Configuration #1 data
with that of an Aaon 20-ton unit.  The TIAX data in this table is for part load operation with both
condenser fans operating, which is equivalent to that of Aaon unit test data for which there was
no condenser fan staging.  Compressor-only EER’s are reported (this is capacity divided by
compressor input power), since evaporator blower and condenser fan power input data was not
available for the Aaon unit test.  While the Aaon unit has better full load performance, which is
not unexpected for a larger unit, the part-load performance of the TIAX unit is better.  This is
due to the aggressive interlacing of both heat exchangers, which maximizes use of the heat
exchanger surface at part load.
Table 22:  Part Load Comparison of TIAX and Aaon Rooftop Units

TIAX Prototype Aaon 20-ton Unit
Full-Load Data
    Condenser Air Inlet Temp (°F)
    Unit Return DB/WB Temps (°F)
    Total Capacity (Btu/hr)
    Compressor Power Input (W)
    Compressor-Only EER

80
80/67

125,000
7,350
17.0

80
80/67

256,000
14,860

17.3
Part-Load Data
    Condenser Air Inlet Temp (°F)
    Unit Return DB/WB Temps (°F)
    Total Capacity (Btu/hr)
    Compressor Power Input (W)
    Compressor-Only EER

80
80/67
78,300
3,370
23.2

80
80/67

137,000
7,632
18.0



4-7

4.6 Energy Recovery Wheel

A test of the ERW performance was done with the ERW installed in the rooftop unit prototype.
This test was performed consistent with ARI Standard 1060-2001 [Reference 7] to the extent
possible.  In particular, the test was carried out with the test standard’s ERW entering conditions
of 95ºF DB/78ºF WB outdoor air and 75ºF DB/63ºF WB exhaust air.  To run the test, the rooftop
unit was configured as follows.
• Return air damper closed
• Economizer bypass dampers closed
• Outdoor air damper open
• Air flow stations mounted on the outdoor inlet and exhaust exit measuring these flows
• Environmental chamber controlling for the required outdoor air conditions
• Rooftop unit refrigeration system and enthalpy loop humidification and heating system

operating to condition the ERW leaving outdoor air to the return conditions.  The rooftop unit
system had to operate to reduce the humidity and temperature levels, while the enthalpy loop
systems had to run in order to control properly for the desired conditions.

• Measurement of key ERW air temperatures with thermocouple arrays.  The ERW leaving
outdoor air conditions were measured at the outdoor air damper location.

• Measurement of key ERW humidity levels with General Eastern chilled mirror hygrometers.

Results of the tests are summarized in Table 23 below.  The measured performance of the ERW
was better than projections of Airxchange.
Table 23: Energy Recovery Wheel Performance Test Summary

Nominal CFM
Percent Design Flow

2,000
100%

Measured Air Flow (scfm)
   Outdoor Air
   Exhaust Air

2,000
2,000

Temperatures (°F)
   Outdoor Air DB/WB
   Conditioned Outdoor Air DB/WB
   Return Air DB/WB

93/74
81/67
75/63

Measured Effectiveness
   Sensible
   Latent
   Total

67%
64%
65%

Airxchange Predicted Effectiveness
   Sensible
   Latent
   Total

64.7%
58.8%
60.7%

4.7 Latent Capacity

Latent Capacity testing was done with Configuration #3 (Microchannel Condenser, Conventional
Evaporator, Tandem Compressor set with single-speed compressors) for normal-mode operation,
in which the ERW provides pretreatment of outdoor air.  This testing was done with two
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compressors operating.  These tests were intended to evaluate latent capacity delivered to the
conditioned space when the unit operates with nominal 25% outdoor air in moderate-temperature
high-humidity conditions (ambient 80 ºF / 80%RH, return 75 ºF / 70%RH).

The environmental chamber was not able to maintain the desired high level of ambient humidity
for two-compressor latent capacity testing.  Instead, the corresponding mix conditions were
calculated based on the intended ambient and return conditions, and with the assumption that the
energy recovery wheel would operate with equal outdoor and exhaust flow and with 60%
effectiveness for both sensible and latent heat.   The unit modulates total air flow but should
maintain constant outdoor air flow rate.  Hence, this calculation was based on outdoor air flow
rate of 1,125 scfm, consistent with 4,500 scfm nominal maximum supply air flow and 25%
outdoor air.  The unit was then tested in full-return mode with the unit return set to the calculated
mix conditions.

Comparison of measurements with catalog-based performance estimates for a Carrier rooftop
unit (Carrier 50HJ015, a nominal 12-ton 10.7 EER unit, which was selected as the field test
comparison unit) are presented in Figure 15 and Figure 16 below.  The test data and the analysis
are based on operation with 0.3 in wc external static pressure at 4,500 cfm evaporator air flow.
Air flow was 4,500 cfm for the Carrier unit, the intended operating air flow for the field test.
TIAX data are from testing, while Carrier unit data are taken from product literature.  The figures
below show capacity and latent capacity ratio of the cooling provided to the cooled space.   Key
observations are as follows.
• The improvement in latent ratio as evaporator air flow is reduced demonstrates the feasibility

of our control approach of reducing air flow to increase latent ratio.
• At 4,000 cfm evaporator air flow, capacity is higher than that of the nominal 12-ton Carrier

unit.  If air flow rate of the TIAX unit were increased, this capacity would be expected to
increase.  These results support the claim that the unit could be used to serve significantly
more floorspace than a conventional 10-ton unit.

• The reduction of total capacity as evaporator air flow is reduced is expected.  This will result
in longer compressor on-cycles in severe humidity conditions, thus preventing or reducing
re-evaporation which occurs when the compressors cycle off on a space thermostat.

• The latent capacity ratio of the TIAX unit is consistently better than that of the Carrier unit
without  MoistureMi$erTM operation, and it approaches catalog projections for the Carrier
unit with MoistureMi$erTM operation.

• The predicted energy use of the Carrier unit for the tested conditions is 11.2 to 11.3 kW,
including compressor, evaporator blower, and condenser fans.  The energy use of the TIAX
unit is 9.1 kW, nearly 20% lower.

• The latent capacity performance of the TIAX unit will not be quite as good with one
compressor operating as it is with two compressors operating, while that of the Carrier unit
will be similar for single-compressor operation.  Energy savings will be even better for the
TIAX unit in this mode, however, due to the use of VAV.

In sum, the TIAX unit should  provide more capacity than the Carrier unit, using nearly 20% less
energy, but the laboratory latent testing indicates that the Carrier unit operating with the
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MoistureMi$erTM feature may provide better space comfort in warm humid conditions.  Note that
a small amount of liquid reheat (the technique used by the MoistureMi$erTM option) would likely
boost the TIAX unit’s latent capacity for the tested scenario up to and beyond the level predicted
for the Carrier unit.  The field test, described in Section 5, provides a much more rigorous test of
the TIAX unit’s capabilities in a humid climate.
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5 Field Testing

5.1 Field Test Overview

After completion of  laboratory testing, the rooftop unit was shipped to Florida Solar Energy
Center (FSEC) for field testing.  The FSEC location was chosen to allow testing of the latent
capacity capability of the unit in humid Florida weather.  The test was conducted in FSEC’s
Building Science Laboratory, a facility set up for fully instrumented testing of building
equipment.  The TIAX rooftop unit was tested alongside a conventional unit in a configuration
allowing both units to alternatively serve the same space using the same air distribution system.
A Carrier unit with MoistureMi$erTM hot liquid reheat was chosen as the conventional unit, since
it represents the most energy-efficient way to address Florida’s high humidity loads using an off-
the-shelf equipment package. The challenge for the TIAX unit was to demonstrate comparable
performance while also providing energy savings.  Also during the test program, careful
measurements of the TIAX unit’s energy recovery wheel were made to help understand the
contribution of this component to the unit’s overall performance.

During the testing, the TIAX unit successfully matched the comfort levels of the Carrier unit,
and did so with significantly less energy use.

A test report prepared by FSEC is in Appendix C.  The FSEC report describes the test building,
the load and operating schedules, instrumentation and data collection, the tested air-conditioning
units, and the test sequence, and it provides some information regarding test results.  The
following subsections describe the test results in more detail and provide interpretation of the
results.

5.2 Carrier Rooftop Unit Description

The TIAX unit and the comparison Carrier rooftop unit are compared in Table 24 below.
Configuration #3 of the TIAX unit was tested (microchannel condenser, conventional
evaporator, with tandem compressor set consisting of two single-speed compressors).  A
combined configuration incorporating the variable-speed tandem compressor set and the
microchannel condenser may have provided greater part-load efficiency. However, further work
with the variable-speed tandem was not considered appropriate, because of its high cost and
because Copeland was no longer supporting this approach to modulation as a future product for
the U.S. market.

A Carrier unit with greater ARI nominal capacity than the TIAX unit was chosen, to account for
the fact that for the TIAX unit, the energy recovery wheel would handle part of the load.  The
selected Carrier unit was nominally a 12-ton unit, but its capacity is closer to 11 tons.  Note that
the units were set up in the field test with 4,500 cfm maximum air flow rate, which corresponds
to just over 400 cfm per ton for the Carrier unit.

In this configuration, the Carrier unit’s capacity is 17 percent higher than that of the TIAX unit,
while its EER is slightly lower.  Both units have comparable sensible heat ratio (SHR) when
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operating at 4,500 cfm.  In MoistureMi$erTM mode, the Carrier unit’s SHR drops considerably,
illustrating this feature’s enhancement of latent cooling.  In this mode, there is also a modest
reduction in EER.

Table 24:  Comparison of TIAX and Carrier Test Units Performance

Tested Design,Tested Design,
MoisturMiMoisturMi$$ererTMTM,,

4,500 4,500 cfmcfm

Net Capacity 125,500

StandardStandard
Unit atUnit at

3,600 3,600 cfmcfm

131,000

EER 10.310.8

Sensible Heat Ratio 60%64%

TIAX UnitTIAX Unit
ConfigConfig. 3. 3

(4,000 (4,000 cfmcfm))

113,000

10.8

68%

Carrier UnitCarrier Unit

IPLV Not known11.6 14.5

TestedTested
Design atDesign at
4,500 4,500 cfmcfm

132,300

10.7

69%

Not known

Note:  Data based on 0.2 in.
wc external static pressure.

Physical characteristics of the two units are compared in Table 25 below.  The two units have
comparable size and weight, in spite of the TIAX unit design incorporating an energy recovery
wheel.

Table 25:  Test Unit Physical Characteristics Comparison
Carrier Unit TIAX Unit

Curb Footprint L x W (inches)
Maximum Dimensions L x W x H (inches)

86.1 x 83.5
86.1 x 83.5 x 45

128 x 50
128 x 87 x 51.6

Weight (lb) 1,725 1,782
Condenser Face Dimensions L x W (inches)
                  Face Area (sqft)

82.2 x 401

21.7
72 x 46

23
Number of Condenser Fans
Blade Diameter (inches)

3
22

2
24

Evaporator Core Dimensions W x H x D (inches)
                   Face Area (sqft)

70 x 36 x 31

17.5
42 x 40 x 2.7

11.7
1Approximate

5.3 Facility and Rooftop Unit Commissioning

Careful assessment of FSEC test facility operating conditions was done to assure that the two
rooftop units were operating in a consistent manner.  Particular attention was paid to making sure
that both units were operating with the same outdoor air flow rate.  Commissioning of both of the
units was required, although more adjustment was made to the TIAX unit, because it has a
prototype control system.  Some of the major test facility and unit adjustments made during the
test program are described in FSEC’s report, in Appendix C.  Some of the rooftop unit control
adjustments are described below.
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Temperature Control
Iterative adjustment was required in order to achieve equal average space temperatures for both
units.  The TIAX unit initially had excessive temperature swing, due in part to slow temperature
sensor response.  This was modified by tightening the PLC temperature control parameters.

Humidity Control
Carrier unit humidity control was with a humidistat which cycled the solenoid controlling the
MoistureMi$erTM function.  Adjustment of the setpoint was required to achieve the desired
average humidity.  For the TIAX unit, adjustment was required for the humidity setpoint, for the
setting of desired discharge temperature based on humidity error, and for the maximum and
minimum blower speeds.  At first the unit air flow was too low, causing the space temperatures
to drift upwards but providing excess dehumidification.  After some adjustment, a proper balance
was achieved, resulting in proper control of both humidity and temperature.

Economizer Control
The Carrier unit was controlled to switch to economizer mode based on outdoor enthalpy.
However, the system would only work for a switchover enthalpy of 22 Btu/lb, which was too
conservative (low) in comparison to the TIAX unit control.

The TIAX unit was set up to switch between warm weather energy recovery wheel operation
(“Normal” mode) and economizer mode, for which the return damper closed and the energy
recovery wheel bypass dampers were opened.  A minimum flow rate of 1,500cfm was selected
for economizer mode to assure that there would be enough air flow for dehumidification if
required when the thermostat is not calling for sensible cooling.  Air flow modulation for
temperature control in economizer mode did not achieve the same space temperatures as
compressor cycling control.  This was due to an anomaly in the way the PLC treats PID control,
and was not resolved prior to the end of testing.  An intermediate mode involving minimum
outdoor air but allowing for ERW bypass was not established.  This mode would be necessary
for times when the energy recovered by the ERW was not worth the additional fan power
required to overcome its pressure drop.  Although the unit did not have heating capability, the
unit was controlled, when in economizer mode, to switch back to ERW operating mode when
space temperatures got too low.  While these adjustments provided reasonable space temperature
control, they did not provide optimized energy performance.  Further development of the unit’s
selection of control mode and of economizer mode temperature control is required.

5.4 Control and Performance

As discussed, the TIAX unit uses a Reverse-VAV control approach to allow for control of both
space temperature and space humidity.  The compressors are staged based on temperature, while
airflow is adjusted to control humidity.

Figure 17 below shows operational data for both of the rooftop units for days with similar
ambient conditions.  The Carrier unit has constant air flow.  Its compressors cycle as required to
control temperature.  For the day in question, the MoistureMi$erTM feature was probably
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constantly engaged to control humidity.  However, humidity control is dependent also on
compressor operation.
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Figure 17:  Comparison of Carrier and TIAX Unit Control

The TIAX unit adjusts air flow to maintain discharge temperature.  Hence, when the compressors
cycle, the total air flow adjusts accordingly.  Furthermore, air flow rate is adjusted based on
desired discharge temperature in order to control humidity.  The air flow rate was generally
lower later in the day for the test data shown because this is the time that humidity control was
more difficult.

Adjustment of air flow rate in the TIAX unit is illustrated in Figure 18 below.  The plot shows
how the return damper will be allowed to throttle more, i.e. move to a lower angle position, when
total air flow is reduced.  This is necessary because as the total air flow drops, a greater
percentage of the air is outdoor air flow, and the unit must make adjustments to keep outdoor air
flow constant.  The plotted outdoor air flow has not been adjusted for ERW face seal leakage,
which is higher for higher total air flow rates.  Hence, the fluctuation in the outdoor air flow rate
appears larger in the plot than it really is.
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Figure 18:  TIAX Unit Air Flow Rate Adjustments

Figure 19 below shows typical space conditions for the two units for days with similar ambient
conditions.  As can be seen, control of temperature is very similar for both units.  During the
course of the test, both units were able to maintain space temperature close to the 75 ºF setpoint.
For both units, temperature fluctuations during compressor cycling was roughly +/-2.5 ºF above
and below the setpoint.  On days with the most extreme loads, space temperature at times drifted
upwards during the middle of the afternoon as both compressors ran, but rise above the setpoint
was generally no more than 1 ºF.  Performance during extreme conditions was similar for the two
units.

Control of humidity was also generally good for  both units.  The TIAX unit appeared to
maintain tighter control of humidity, but both units were able to keep the space conditions
primarily within the ASHRAE summer comfort zone.  This is illustrated in Figure 20 below.
The data points lying outside the top of the comfort zone for the TIAX unit plot are associated
with initial cooldown at the start of the day.  This plot also shows the tighter humidity control
achieved by the TIAX unit.  The plot of Figure 21, showing hourly space humidity averages for
testing between October 1 and December 31, also shows the better ability of the TIAX unit to
maintain the desired humidity level in the space, especially for more humid outdoor conditions.
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Figure 19:  Comparison of TIAX and Carrier Unit Maintenance of Space Conditions
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Figure 21:  Humidity Control Comparison
One possible concern regarding the VAV control employed by the TIAX unit is the increased
possibility for stratification of space conditions and the tendency for air diffusers designed for
CAV systems to provide inadequate air mixing .  Examination of temperatures for sensors
located throughout the space shows that stratification was not a large issue, since space
temperature spread was only slightly greater for the TIAX unit.  This is illustrated in Figure 22
below.  Measurement of air mixing at the diffusers was not done during the field test.
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Figure 22:  Space Temperature Plots
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Observations and conclusions regarding the TIAX unit’s control and performance are as follows.
• The TIAX unit VAV control approach was successfully demonstrated.  The unit maintains

space conditions, both temperature and humidity, while responding to a range of ambient
conditions and maintaining proper outdoor ventilation air flow rate within reasonable range.

• The TIAX unit was able to provide better humidity control than the conventional Carrier
unit.  This was due to both the Reverse-VAV control, which allowed air flow rate to be
reduced to improve latent capacity, and the ERW.  The fairly aggressive airflow rate of the
Carrier unit also contributed to the difference in dehumidification capability.  The design
flow of about 400cfm/ton was probably higher than typical for the Florida climate, even
considering that the unit was equipped with the MoistureMi$erTM hot liquid reheat feature.

• Stratification associated with the low end of VAV air flow modulation was only slightly
greater than that observed with the Carrier unit, which operated in CAV mode.

5.5 Energy Use

Daily energy use of the two tested rooftop units as a function of average daily ambient dry bulb
and ambient dew point temperatures are shown in Figure 23 below.  The energy use of the TIAX
unit was clearly lower than that of the Carrier unit.
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Figure 23:  Energy Use Comparison of Carrier and TIAX Units

The average daily energy use of the two units is summarized in Table 26  below.  The table
shows energy use for the entire field test for the two units.  The average daily ambient dry bulb
and dew point temperatures for the Carrier unit were higher. For the Carrier “equivalent”
averages, a number of the warmest-day data points for the Carrier unit were eliminated in order
to allow energy use comparison for data sets with equal average conditions. The data show that
energy use for the TIAX unit was 25% lower when compared based on equal dry bulb
temperature and 27% lower when compared based on equal dew point.  These results are
consistent with the prediction of about 20% energy savings based on laboratory testing, as
described in Section 4.7.
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Table 26:  Field Test Energy  Use Summary

TIAX Unit

Carrier Unit

Carrier (equivalent avg. DB)

Carrier (equivalent avg. DP)

45

37

33

35

70.1

71.5

70

61.6

62.2

61.5

70.7

100.1

93.7

97.1

Number DaysNumber Days Avg Avg Daily DryDaily Dry
Bulb Temp.Bulb Temp.

Avg Avg Daily DewDaily Dew
Point Temp.Point Temp.

Avg Avg Daily Daily 
Energy (kWh)Energy (kWh)

5.6 Energy Recovery Wheel Performance

An assessment of the performance and energy savings contribution of the energy recovery wheel
was done as part of the field test.  Three additional temperature/humidity sensors were installed
in the outdoor air stream leaving the energy recovery wheel to allow direct measurement of its
performance.  This arrangement is shown in the FSEC test report in Appendix C.  The sensors
measure air conditions halfway between the center and the perimeter at angular locations 45º,
90º, and 135º from the horizontal.  An average of the three measurements is used to provide a
reasonable representation of the average outdoor air conditions leaving the wheel.

The change in outdoor air temperature and humidity as it passes through the rotating ERW is
shown in Figure 24 below for an example day.  This set of plots shows a number of aspects of
ERW operation.
• Approach of outdoor air conditions to the return air conditions was 60% to 70%, illustrating

extremely high effectiveness.  Note that outdoor air flow is about
825 cfm, while the ERW design flow rate is 2,000 cfm.

• The sensible and latent cooling performance of the ERW are independent of each other.  At
9:00AM on November 21, the outdoor air was cooler but more humid than the return air.
The ERW was dehumidifying the air at this time (see the right-side plot), however, the
temperature of the outdoor air was being raised.

• The effects on the ERW exit air of changes in outdoor or return air conditions are clearly
seen.  As return air temperature drops during the compressor on-cycle, the ERW can provide
more cooling of the outdoor air, resulting in a corresponding drop in ERW exit air.
Likewise, when outdoor air temperature or humidity fluctuates, the ERW exit air fluctuates
in the same direction, but with less magnitude.
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Figure 24:  Outdoor Air Temperature and Humidity Change Caused by the Energy
Recovery Wheel

The contribution of the energy recovery wheel to the rooftop unit’s air-conditioning capacity can
be estimated based on enthalpy change of the outdoor air passing through the ERW.  An example
of this is illustrated below in Figure 25.  The measurements listed apply for November 21 at
11:30 AM.  For this operating state, the ERW delivered 18% of the total load. Notable for this
case is that the sensible heat ratio of the ERW is much less than that of the rest of the system,
reflecting the fact that the outdoor air load represented more dehumidification than sensible
cooling.
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Figure 25:  Energy Recovery Wheel Contribution to Air-Conditioning Load

The ability of the ERW to operate at the sensible heat ratio required for conditioning outdoor air
is shown in Figure 26 below.  For this plot, the outdoor air sensible heat ratio is calculated based
on the actual measured outdoor conditions and the desired indoor condition of 75 oF, 58% RH.
Note that both positive and negative sensible heat ratios are possible, particularly when outdoor
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conditions are close to indoor conditions.  Although there is some scatter in the data, the general
trend is for the ERW sensible heat ratio to match that of the outdoor air load.

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Outdoor Air SHR

En
er

gy
 R

ec
ov

er
y 

W
he

el
 S

H
R

Figure 26:  Energy Recovery Wheel Sensible Heat Ratio

The sensible heat ratio of the ERW is compared to that of the refrigeration system in Figure 27
below.  For outdoor humidity levels above 30 Btu/lb (corresponding roughly to the indoor design
condition), the refrigeration system delivers cooling with sensible heat ratio consistently around
0.5, while the ERW has the ability to match the requirements for the outdoor air conditions.
Note that the SHR of about 0.5 is somewhat lower than typical at the rating condition for unitary
equipment.  However, for most of this test data, conditions are more conducive to reduced SHR
in that dry bulb temperatures (both outdoor and coil entering) are lower and relative humidity of
the coil entering air is generally 60% or higher.
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Figure 27:  Sensible Heat Ratio Comparison:  Energy Recovery Wheel vs. Refrigeration
System

The good humidity control of the TIAX unit is shown in Figure 21 in Section 5.4 above.  The
ability of the ERW to supply a significant portion of the required latent load is a factor in the
good control.

The moisture removal of the ERW is also seen in comparisons of daily evaporator coil
condensate removal of the two tested units, shown in Figure 28 below.  The lower condensate
removal rate of the TIAX unit’s evaporator is due to the removal of moisture with the ERW.
This moisture is transferred to the exhaust air and does not need to be removed by the
evaporator.  Note that the interior moisture load of about 8 lb/hr, running for 10 hours per day,
represents 80 lb/day, most of which would have to be removed by the evaporator, even in the
TIAX unit, because the ERW cannot capture this moisture stream.  Moisture entering the
building through uncontrolled ventilation would also be removed primarily by the evaporator.
The moisture removal of the TIAX evaporator beyond the 80 lb/day internal load is roughly half
that of the Carrier unit for the high dew point days.
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Figure 28:  Daily Condensate Removal

The efficiency of the ERW in preconditioning the outdoor air can be represented as a ratio
between the conditioning delivered by the ERW divided by the electricity use associated with it.
This energy efficiency ratio for the ERW, called recovery efficiency ratio (RER) can be
compared with the operating EER of the refrigeration system to determine whether the ERW is
improving the unit’s efficiency.  The concept of RER is described in more detail in Reference 7.
Energy use associated with the ERW in the TIAX unit includes added power associated with the
main blower, and the power input of the exhaust blower and the ERW rotation motor.  Hourly
values of this RER are shown in Figure 29 below.  Clearly, the RER is highly dependent on
outdoor enthalpy:  the higher the enthalpy difference between the outdoor and indoor conditions,
the better the ERW’s performance.

When outdoor enthalpy is below about 31 Btu/lb, the RER is lower than 10 Btu/W-hr, and the
ERW is less efficient than the refrigeration system.  This outdoor enthalpy is about 1.5 Btu/lb
higher than the indoor design condition of 75 oF, 58% RH.
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Figure 29:  Energy Recovery Wheel RER

Examination of conditions for which the RER is better than the EER of the refrigeration system
leads to suggestion of a control strategy for optimized performance of a system incorporating
both an ERW and an economizer.  A range of outdoor conditions exists, with outdoor enthalpy
roughly between 25 and 31 Btu/lb, for which the outdoor air is not cool enough for economizer
operation but at the same time is not  warm enough for ERW operation.  For these conditions, the
unit should operate with minimum outdoor air but with bypass of air flow around the ERW.  This
“bypass” mode of operation was considered for the TIAX unit but was not implemented in the
field test due to the complexity of assuring sufficient outdoor air flow for VAV operation during
this mode, for which the ERW pressure drop could not be used as an indicator of outdoor air
flow.

The boost of the TIAX unit overall EER associated with the ERW is shown in Figure 30 below
which shows hourly average data. The plot compares refrigeration-system and total-unit EER.
The data is divided into blue crosses (for hours with high outdoor enthalpy) and red triangles (for
hours with low outdoor enthalpy). The plot clearly shows that the ERW improves EER whenever
outdoor enthalpy is greater than indoor design condition enthalpy.The apparent reduction in EER
for cooler outdoor conditions represents the intermediate range of conditions for which the
“bypass”mode mentioned above would have been beneficial.
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Figure 30:  TIAX Unit EER During Field Testing

While the TIAX field testing showed the benefits of using an energy recovery wheel, the full
potential of this technology was not fully shown.  Some of the factors which limited the test’s
demonstration of the full value of the technology are as follows.
• Measurement of the ERW outdoor air exit condition did not start until November.  Hence, we

missed many of the days with very high temperature and/or humidity, conditions for which
total energy recovery provides the maximum benefits.

• The installation was set up with unbalanced flow of outdoor air and exhaust air passing
through the ERW.  For applications such as offices for which total percentage of outdoor air
is relatively low (15% to 25% or less), it is more difficult to match the flow rates.  Some of
the air entering the building must leak through the building shell (to prevent warm moist
outdoor air from penetrating into the building shell and causing mold growth), and some may
be used as makeup for toilet exhaust. However, only a small imbalance of in- and outflow is
required to achieve pressurization in modern construction.  In any case, maximizing the
exhaust air flowing through an ERW is necessary in order to maximize its performance.

• The difference in capacity between the Carrier and TIAX units was 19,300 Btu/hr (normal
Carrier operating mode) or 12,500 Btu/hr (MoistureMi$er mode).  However, assuming that
the ERW can treat 60% of the outdoor air load, the load reduction associated with the ERW
would have been 27,100 Btu/hr, slightly more than 2 tons.  If the Carrier unit capacity had
been equal to its nominally-rated 12 tons, it would likely have had better success in
maintaining space humidity conditions, but its energy use would have been higher,
demonstrating even greater energy savings of the TIAX design.
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• We did not incorporate the “bypass” mode for intermediate ambient conditions.  This would
have improved TIAX unit performance for these moderate ambient conditions for which
neither economizer cooling nor ERW operation improves cooling efficiency.

• Some energy savings could have been achieved with the use of a three-blower unit which
would use a separate blower to draw outdoor air through the ERW.  This would save energy
because it would balance the pressures of outdoor and return air approaching the mixing box,
eliminating the need for throttling of the return flow to assure proper outdoor air flow.
However, with the TIAX VAV design, full air flow occurs only a small percentage of the
time, which significantly reduces the return air throttling penalty associated with the ERW.

Recognition of these issues can instruct future design efforts and lead to rooftop unit designs
with ERW’s which maximize this technology’s energy savings potential.  Nevertheless, key
conclusions regarding the ERW-focussed testing are as follows.
• The ERW makes the best contribution to total EER and cooling capacity for conditions with

high outdoor air enthalpy.  The ERW efficiency, represented as the RER is strongly
dependent on the outdoor to indoor enthalpy difference.

• The ERW allows the total system to achieve wider ranges of sensible heat ratio because the
sensible heat ratio of the ERW varies to match the needs of the ambient conditions.

• Implementation of an ERW with an economizer should incorporate bypass of economizer air
around the ERW, and use of a “bypass” mode for intermediate conditions which are too cool
or dry for ERW use and too warm or humid for economizer use.

• Outdoor air flow control using ERW pressure drop as a feedback parameter is an effective
approach when the outdoor air is flowing through the ERW.
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6 Conclusions and Recommendations

The general conclusion resulting from this work is that the energy efficiency of rooftop units can
be improved significantly with accompanying performance improvement without incurring an
excess cost penalty.  This conclusion was first made during initial analysis stages of the project,
and it was underscored during the prototype work, laboratory testing, and field testing which
followed.  Table 27 below compares initial project goals and results.  Note that the comparisons
of this table are with a conventional 9 EER unit, which was a standard efficiency level for a 10-
ton unit at the start of the project.  The advanced unit clearly achieved the project goals for the
energy use and comfort criteria.  For the manufacturing cost premium criterion, actual cost
premium will be somewhat dependent on the capacity enhancement of the energy recovery
wheel (ERW), which varies with climate and application.
Table 27:  Review of Project Goals and Accomplishments

0

CriterionCriterion GoalGoal ResultResult NotesNotes

Manufacturing Cost
Premium < 10%

0% to 20%

(based on analysis)

The net cost premium
depends on the capacity
enhancement resulting from
the Energy Recovery Wheel,
which is dependent on
region.

Seasonal Energy Use
Reduction

25% - 50%
Based on including 

heating season savings

Lab Test IPLV 
increase 40%+

Field test (cooling) 
savings  roughly 30%

Additional Estimated 
Heating Season Savings 

25% to 45% 

IPLV 13.1 to 14.5 as
compared with 9.35

Conventional unit energy use
in field test adjusted for
differences in baseline and
tested units.

Heating season savings are
based on ERW preheat of
ventilation air.

Comfort Improvement Quantifiable
Improvement

Lab Test:  Latent
Capacity Ratio for
humid conditions

variable 48% to 54%

Field Test:  Better
humidity control than
conventional unit with

hot liquid reheat

Besides achieving the project goals, the work also demonstrated both the potential of and issues
associated with many of the technical options which are considered for energy use reduction in
rooftop units.  A broad range of technology options were examined during the analysis phase of
this project.  The options which have the most potential for energy savings are as follows.

• Variable Air Volume Blower Operation:  There is broad consensus that VAV operation
can save energy.  However, implementation of VAV in a cost-effective manner in a
moderate-capacity rooftop unit is a challenge.  The required variable-speed drive adds
significant cost, and compressor modulation options which allow implementation of
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traditional VAV control schemes are either too expensive and/or technically not mature.  The
“Reverse-VAV” control approach implemented in the prototype was demonstrated during
this project to provide both energy savings and performance improvement.  The ability to
separately control space temperature and humidity by varying the air flow rate based on the
required sensible heat ratio, while maintaining the required outdoor ventilation air flow rate,
was demonstrated successfully in the field test.

• Energy Recovery:  Energy recovery technology, for instance using an energy recovery
wheel as was done in this project, results in energy savings both in summer and in winter.
The energy savings are associated with reduction of conditioning loads for treatment of
outdoor air.  One key advantage of energy recovery is the ability to downsize the
refrigeration system.  The analysis, lab testing, and field testing shows that energy recovery
can be used cost-effectively to reduce energy consumption.  Use of energy recovery provides
a good way to address humidity control, since the outdoor air is the largest source of latent
load in most air-conditioning applications, and because the energy recovery wheel is able to
operate with a sensible heat ratio that closely matches that of the outdoor air conditioning
load.  A number of lessons learned regarding this technology are summarized in Section 5.6,
which describes the energy recovery wheel testing in detail.

• Heat Exchanger Interlacing:  Maximizing use of heat exchangers during part load
operation significantly reduces seasonal energy use.  Part load efficiency has a much greater
impact on energy use than peak efficiency, since an air-conditioning unit spends much more
time at part load with one compressor operating than with two.  Use of a tandem compressor
set is one way to maximize heat exchanger utilization, but the industry preference is for use
of separate refrigeration circuits.  Conventional heat exchangers can be designed such that
the tubes associated with each refrigeration circuit are spread out evenly over the heat
exchangers.  This allows much of the fin surface of the heat exchanger to be active even
when just one of the circuits is operating.  This has the additional advantage for multifan
condensers of allowing staging of the condenser fans for added efficiency improvement.  For
evaporators of constant air volume systems, this interlacing approach will result in poor
latent capacity at part load, so it cannot be used.   However, the “Reverse-VAV” approach
implemented for the prototype unit compensates for this reduced latent capacity when
required, also allowing significantly improved evaporator effectiveness during single-
compressor operation when the dehumidification need is low.  Heat exchanger interlacing is
a low-cost approach to improving efficiency, and it is reflected in product ratings in the
IPLV.  Aaon has examined the potential for heat exchanger improvement during the course
of this project and has increased IPLV ratings for its rooftop unit line by 10% or more as a
result of improved heat exchanger design, including more aggressive interlacing.

• Microchannel Heat Exchangers:  Microchannel heat exchangers have the potential for a
cost-effective increase in heat exchanger performance, assuming that manufacturing cost
projections can be achieved.  Part load performance of separate-circuit systems using
microchannel heat exchangers may be at a disadvantage, however, since the most promising
microchannel designs do not easily allow circuit interlacing.
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Other potential energy-saving technologies such as mechanical subcooling, compressor
modulation, larger blower wheels, switched-reluctance or permanent magnet motors, and airfoil
condenser blades were found to be less attractive from a cost-benefit perspective.  Some
potential energy savings approaches, such as a two-speed main blower and staging of condenser
fans were found to be very cost-effective.  The first of these is technically less interesting than
VAV, but there is no reason why it couldn’t be employed in a high-efficiency rooftop unit.  The
second was implemented in our prototype.

Analysis of the zero-superheat variable expansion valve shows that it has potential for some cost
reduction or some energy savings, depending in how it is implemented.  The valve would either
allow reduction in the evaporator size or improve performance of a given evaporator.  Such a
valve would also have better part load performance characteristics than the multiple orifice
approach which is being used in many rooftop units instead of thermostatic expansion valves to
lower cost.  While the experimental work during the course of the project showed that a variable
expansion valve is feasible for multiple-tonnage refrigeration circuits for air-conditioning
applications, more work is required to make the concept work reliably over a wide range of
conditions.

The changes in EER specified by ASHRAE Standard 90.1-1999, for example an increase from
8.7 to 10.1 for a gas-heat 10-ton unit, have been achieved by manufacturers through increase in
heat exchanger size and use of scroll compressors.  Further increase in heat exchanger size
allows manufacturers to achieve EER levels up to about 11.5.  The technologies incorporated
into our high-efficiency rooftop unit go beyond these changes, providing improvements in part-
load efficiency and in conditioning of outdoor air, improvements which are not reflected in the
EER.
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Appendix A:  Teardown Unit Design Detail

Design details for the Carrier 50TJ012 teardown unit are presented in Table 28 below

Table 28:  Carrier Teardown Unit Design Detail
Compressors
    Number
    Type
    Manufacturer/Model
    Refrigerant
    Control

2
Reciprocating

Tecumseh / AV190RT-045-b4c
HCFC-22

Cycle with 2-stage thermostat
Condenser
    Materials Tube/Fin
    Face height x width
    Depth
    Tubes high x deep
    Tube description
    Circuiting per compressor

    Fin Density (per inch)
    Fin Style, Thickness

Copper/Aluminum
44” x 80”

1.5”
44 x 2

3/8”OD, 0.012”Wall, Rifled
4 circuits 8-pass, 2 circuits 4-pass,

1 circuit 4-pass
17

Wavy, 0.0045”
Condenser Fans
    Number
    Diameter
    Blade Manufacturer/Model
    Motor hp/rpm
Design Flow Rate (cfm)
    Control

2
22

Revcor / UT2203-24
0.25 / 1,100

7,000
Both on for cooling

Evaporator
    Materials Tube/Fin
    Face Dimensions height x width
    Depth
    Tubes high x deep
    Tube description
    Circuiting per compressor
    Fin Density (per inch)
    Fin Style, Thickness

Copper/Aluminum
40” x 36”

2.25”
40 x 3

3/8”OD, 0.012”Wall, Rifled
10 circuits 6-pass

15
Wavy, 0.0045”

Evaporator Blower
    Type
    Wheel Diameter x Width
    Manufacturer/Model
    Flow (cfm) / ESP (in wc)
    Blower shaft hp/rpm
    Electric Power Input (W)

Forward-Curved Double-Inlet
15” x 15”

Lau / A15-15A
4,000 / 0.3
1.4 / 658

1,260
Expansion Device  20 Orifices, one at each of the

evaporator circuit inlets
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Appendix B:  Control System Details

The prototype rooftop unit electric schematic and control flow schematic are shown below.
Description of the control system and the sequence of control is presented below.

Electric/Control System Description

The unit is powered by 208/230 Volt, 3-phase, 4-wire power.  The Main power is supplied to the
unit through a main terminal block located in the electrical enclosure.  The 3-phase power
supplies the two compressor motors, two blower motors, and two fan motors.  A 120V line from
L1 to N provides lower voltage power for the control circuits, and in some cases is further
stepped down to 24V as required.

Each of the 3-phase motor circuits is protected with an appropriately sized circuit breaker for
maximum protection.  The two compressor circuits use a conventional motor starter
configuration, consisting of a contactor and motor overload relay.  Each contactor coil is
energized by the 120V control circuit.

The indoor blower motor and the exhaust blower motor operate as variable speed motors and are
controlled through variable frequency drives (VFD’s) for speed control.   A start/stop dry
contact, and speed control signal is provided externally to the VFD.  No motor starter is required
in conjunction with the VFD.

Each condenser fan motor is controlled by a 10A, 120V relay. An external contact closure
energizes each relay, as required.

There are four motorized dampers in the system: two ERW bypass, one return, and one outdoor
damper.  Each damper motor requires 24VAC power, which is provided by a 40 VA transformer
that steps down the 120V control voltage.  The return and outdoor dampers are variable position,
so an additional position signal is required for each.  The bypass dampers are either open or
closed.

The motor that rotates the energy recovery wheel  is a 208V single-phase motor controlled by a
single double-pole  relay.  An external contact closure energizes the 120V relay coil.  When
operation of the wheel is not required, momentary rotation of the wheel occurs to prevent uneven
clogging by dust, etc.

The Sporlan electronic expansion valves are powered by their own control boards, TCB1 &
TCB2.  Each board is powered by an individual 24V transformer that remains powered as long
as there is power at the main terminal block.   An external pump-down relay is provided for
proper shutdown procedure, as recommended by Sporlan.

The operation of the unit is controlled by a Programmable Logic Controller (PLC), powered by a
dedicated 24VAC power supply.  Seven analog input/output modules are used as the interface
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between the PLC and the various sensors and controlled components.  The operational logic
resides onboard the PLC in non-volatile memory.  The PLC provides some control flexibility by
accessing control variables though an onboard digital keypad, allowing 28 variables to be
changed with the unit operating.

Conventional sensors were used for the measurement of temperatures and relative humidity.
The output signal of all sensors is 4-20mA for convenience.  Outdoor and exhaust airflow rates
were measured using differential pressure transducers measuring ERW pressure drop—a
calibration curve for these flows was determined and entered into the PLC.  Speed signal for the
VFD’s and position signal for the outdoor air and return air dampers is also 4-20mA.

External control and signal wiring was accommodated with two easily accessible terminal blocks
in the main electrical enclosure.

Control Functional Description

The control logic used to control the unit is described in the attached flow chart.  The control
strategy is a “Reverse-VAV” approach, as described in Section 3.4.1.  The following text briefly
describes the major components used in control of the unit, along with the various control modes
shown in the logic flow chart.

Indoor Blower
The indoor blower speed is controlled by a PID control loop that varies the blower speed to
maintain a constant supply air temperature delivered to the space.  The airflow required to
maintain a constant supply temperature varies with the outdoor and space conditions
(temperature and humidity).  The minimum and maximum blower speeds are dependent on the
installation configuration, duct sizes, etc., and are set as part of the unit setup.  The supply
temperature setpoint varies depending on the relative humidity of the space relative to the space
setpoint.  This relation is shown on the logic flow diagram.  This varying supply air setpoint
allows for greater humidity control of the space and essentially de-couples the latent and sensible
cooling of this unit.

Exhaust Blower
The exhaust blower is also variable speed and is used to ensure that the proper exhaust airflow is
removed from the building to prevent over or under pressurization.  The exhaust airflow rate is
variable based on application and is established at setup of the unit.  The exhaust blower is
controlled by an independent PID control loop that monitors the exhaust airflow rate based on
ERW exhaust-side pressure drop, and adjusts the blower speed accordingly.

Return Air Damper
The return air damper is a variable position damper located in the return duct of the unit used to
control the quantity of outdoor air entering the unit.  The damper is controlled by a PID control
loop that monitors the outdoor airflow rate, and opens or closes the return damper to maintain the
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proper outdoor airflow.  This variable position damper is necessary because the indoor blower
operates at varying speeds, changing the supply airflow rate, while the outdoor airflow rate is
required to remain constant.

Energy Recovery Wheel
The energy recovery wheel rotates when in operation.  If conditions are not beneficial for the
wheel operation, the wheel rotates periodically to prevent uneven buildup of dust, pollen, etc.
Pressure drop across the energy recovery wheel is also used to determine the airflow rate of both
the outdoor and exhaust air streams.  Differential pressure transducers were used for pressure
drop measurement.

Bypass Dampers
The two bypass dampers allow outdoor and exhaust air to bypass the energy recovery wheel,
reducing the pressure drop, and therefore blower power, when the unit is in economizer mode.
The bypass dampers are two-position, either open or closed.

Outdoor Air Damper
The outdoor damper is a two-position, open or closed damper, located in the outdoor airflow
stream.  It is in the open position when the unit is operating, and closed when the unit is shut
down.  It is anticipated that linkage of outdoor and return damper operation will be required to
ensure acceptable operation for a wide range of building applications, but this was not necessary
for our field test.

Compressors
There are two compressors in the unit to provide capacity staging, as required.  Each compressor
is cycled on or off based on the difference between the space temperature and the space
temperature setpoint.  There are deadbands associated with each compressor, as shown in the
flow diagram.  When cooling is required, one compressor starts, if the space temperature does
not drop sufficiently, the second compressor starts.  The compressors cycle off in the same
staged manner.

A single compressor is used in the economize mode to provide additional cooling capacity if
pure outdoor air is not sufficient to cool the space.  The compressor is cycled based on space
temperature.

Ventilation mode
Ventilation mode can be selected manually by the fan selection switch or is selected
automatically when cooling is no longer called for.  The purpose of the ventilation mode is to
provide the minimum required outdoor air to the controlled space.  Modes of the major
components can be found on the attached flow diagram.
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Normal Mode
Normal mode indicates “normal” operation of the unit, as described in each component
description.  Details of each mode of the major components can be found in the logic flow
diagram.

Economize Mode
Economize mode is used in the conventional sense.  When the outdoor conditions are favorable,
outdoor air is used to provide space conditioning.  The mode of each major component can be
found on the logic flow diagram.  If the unit is in economize mode and cannot adequately cool
the space, one compressor is allowed to energize for additional cooling capacity.
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Appendix C:  Field Test Report

The final test report, submitted by FSEC to TIAX, is reproduced on the following pages.
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Field Testing of an Energy-Efficient Rooftop Air Conditioner
NETL/DOE Project #DE-FC26-99FT40640

Final Report

Introduction

Under contract with the U.S. Department of Energy’s National Energy Technology Laboratory
(DOE/NETL), TIAX (formerly A.D. Little) developed an energy efficient 10-ton rooftop air
conditioner with features that improve comfort as well as reduce energy use. Laboratory testing
of the unit took place at TIAX and field testing of the unit was desired in order to develop a
better understanding of the comfort and energy benefits of the unit. Field testing took place
during the second half of 2002 at the Florida Solar Energy Center (FSEC) under subcontract to
TIAX.

The field test program involved head-to-head comparison testing of the TIAX energy-efficient
rooftop unit and a conventional rooftop unit. The test building was alternately cooled with the
energy-efficient unit and the conventional unit using the same air distribution system. This report
summarizes various aspects of the field test, including the test facility, instrumentation, data
collection, the air conditioners being evaluated, and the sequence of tests that were performed
during the latter part of 2002.

Building Description

The Building Science Laboratory and Training Facility located at the Florida Solar Energy
Center in Cocoa, FL was selected as the site for the field test comparison of the selected AC
units (Figure 1). The facility was constructed in 1999 to represent typical small commercial
buildings located in the southeastern U.S. The facility was constructed with numerous flexibility
features to allow various building envelope configurations and HVAC systems to be evaluated.
A basic description of the test facility is provided in Table 1.
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Table 1  Test Facility Description
Building Construction Slab on grade

Exterior Walls ½” stucco over 8” concrete block, 1” rigid insulation and ½”
gypsum board

Floor area 2,000 ft2 (60’ x 33’ 4”)
Ceiling space Vented 6’ ceiling space

Ceiling insulation R-19 fiberglass batt insulation on acoustical ceiling tiles at 9’
above finished floor

Roof Flat roof composed of metal corrugated deck with lightweight
concrete topping and built-up roofing membrane

Airtightness 10,283 CFM50 (air volume flow at 50 Pa pressure differential
across the building envelope)

Figure 1.  FSEC Building Science Laboratory and Training Facility
At the beginning of the project, it was agreed that the test facility would be configured to
represent a typical small office building. Commercial carpeting was purchased and installed in
the main area of the building and vertical partitions, desks, file cabinets and chairs were moved
into the facility to provide representative thermal and moisture capacitance (Figure 2).

Prior to the start of testing, the airtightness of the building envelope needed to be measured and
set to a reasonable value. The exterior walls of the test facility were constructed with numerous
intentional holes (8” x 16”) equally distributed around the building. These holes can be covered
or uncovered to make the building more or less airtight depending on the experiments being
conducted. Initial discussions with TIAX indicated that the test facility should be configured to
represent a 4,500 sq. ft. office building. The airtightness of small commercial buildings typically
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ranges from 1 to 3 CFM50 per square foot of floor area (Cummings et al. 1996). CFM50
represents the air volume flow rate through the building envelope with 50 pascals (0.2” WC) of
pressure differential across the envelope. Measurements were performed by depressurizing the
building using large calibrated fans while monitoring the pressure differential across the building
envelope using high-precision manometers. On August 2, 2002, the test facility air tightness was
set and measured at 10,283 CFM50 (approximately 2.3 CFM50 per sq. ft. based on 4,500 sq. ft.).

Figure 2.  Interior Configuration of the Test Facility

Interior Building Loads and AC Equipment Schedule

As explained previously, the test facility was configured to represent a 4,500 sq. ft. office
building. This floor area was selected to roughly match the cooling and dehumidification
capacity of the energy-efficient rooftop unit (with enthalpy recovery wheel) that was developed
by TIAX. Since the actual floor area of the building was only 2,000 sq. ft., the magnitude of the
internal loads was scaled up for the target floor area.

Occupant density in offices typically ranges from 100 to 200 sq. ft. per person, and a density of
107 ft2 per person was simulated for this project. A humidity generator (Figure 3) was purchased
and installed to produce 8.08 lb/hr of moisture to simulate latent heat generation from
approximately 42 occupants (moderately active office workers generate 200 Btu/hr/person of
latent load). Resistance heaters were installed to offset the heat absorbed by the moisture
generation process, produce the sensible heat load that would be generated by 42 occupants,
produce sensible heat generated by typical office equipment, and simulate extra indoor lighting
levels (Figure 4). Fluorescent lighting at a power density of 1.2 W/ft2 was available within the
2,000 ft2 test facility. The net sensible load generated by the installed heaters (after offsetting the
moisture generation process and accounting for the amount used to simulate occupant sensible
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heat gains), indoor lighting and miscellaneous plug loads was about 3.7 kW, or 0.83W/ft2 (based
on 4,500 ft2 floor area). This power density is lower than the typical power density for offices,
but was constrained by the available cooling capacity from the air conditioners being tested.

Figure 3: Humidity Generator Figure 4:  Interior Resistance Heater (typ.)

Because of the local climate, the outdoor ventilation air imposed a large dehumidification load
on the air-conditioning systems. The coastal location of the test site meant moderately high
outdoor air dry-bulb temperatures with very high humidity levels. The 1% design weather
conditions for Cape Canaveral, Florida are 90ºF dry-bulb temperature with a mean coincident
wet-bulb temperature of 78ºF (ASHRAE 1997). Assuming indoor air design conditions of 75ºF
and 55% RH, the outdoor ventilation air (840 cfm) imposed 13,860 Btu/hr of sensible load and
31,333 Btu/hr of latent load on the air-conditioning systems.

Table 2 summarizes the estimated peak cooling and dehumidification loads that were expected
during AC unit testing. As described previously, ventilation air load was based on the ASHRAE
1% cooling design conditions for Cape Canaveral. Interior humidity generation and sensible
loads (heaters, lighting, etc.) were based on one-time measurements. Wall, ceiling and window
loads were estimated based on computer simulation (Carrier 1997). Supply air fan power was
based on measured data for the conventional air conditioner. Ductwork heat gains were estimated
based on measured air temperature rise in the ductwork along with the measured air flow rate.
With the total cooling capacity of the test air conditioners being between 11 and 12 tons, we
expected that we could increase the sensible cooling loads generated by the sensible heaters.
However, measurements in August 2002 indicated that both air conditioners were just able to
meet the humidity and temperature set points so sensible heater power remained at the level
shown in Table 2 throughout the test period.
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Table 2  Estimated Peak Cooling and Dehumidification Loads

Load Component Sensible Load
(Btu/hr)

Latent Load
(Btu/hr)

Total Load
(Btu/hr)

Ventilation air 13,860 31,333 45,193
Sensible heaters 22,901 0 22,901
Humidity generation -8,516 8,516 0
Interior lighting 8,290 0 8,290
PC/datalogger 512 0 512
Ductwork (inside + outside) 12,500 0 12,500
Wall/ceiling/windows 10,000 0 10,000
Supply air fan 10,000 0 10,000

TOTAL 69,547 39,849 109,396
(9.1 tons, SHR = 0.64)

Operation of the air-conditioning systems and indoor equipment (lights, heaters and humidity
generator) was controlled on a fixed schedule throughout the project. A fairly typical office
profile was established. Indoor lighting levels remained low during nighttime hours, and were
ramped up to 100% by 8 am. Lighting levels were reduced from 12 noon to 1 pm to simulate
occupants leaving the building for lunch, and were returned to 100% until 7 pm, when they were
ramped down to the lower nighttime levels. While 7 pm is later than the typical office would
operate, TIAX requested the extended schedule to gather additional equipment performance data
due to the compressed time period for testing (testing did not begin until late-August 2002).
Sensible heaters and moisture generation were scheduled during the daytime hours to simulate
occupants and typical office equipment. The air conditioner was enabled one hour prior to the
onset of occupancy and was disabled at 8 pm. The indoor equipment and air-conditioner
operating schedules used throughout the test period are summarized in Table 3.

Table 3  Equipment and HVAC Schedule
Schedule Hours 0-11 (Equip = % of capacity, HVAC = ON/OFF)Category (capacity) 0 1 2 3 4 5 6 7 8 9 10 11

Lighting (2429 watts) 13 13 13 13 13 13 13 48 100 100 100 100
Heaters (6710 watts) 0 0 0 0 0 0 0 44 100 100 100 100
Receptacle (150 watts) 100 100 100 100 100 100 100 100 100 100 100 100
Moisture (8.08 lb/hr) 0 0 0 0 0 0 0 0 100 100 100 100
HVAC Status Off Off Off Off Off Off Off On On On On On

Schedule Hours 12-23 (Equip = % of capacity, HVAC = ON/OFF)Category (capacity) 12 13 14 15 16 17 18 19 20 21 22 23
Lighting (2429 watts) 48 100 100 100 100 100 100 48 13 13 13 13
Heaters (6710 watts) 44 100 100 100 100 100 100 44 0 0 0 0
Receptacle (150 watts) 100 100 100 100 100 100 100 100 100 100 100 100
Moisture (8.08 lb/hr) 0 100 100 100 100 100 100 0 0 0 0 0
HVAC Status On On On On On On On On Off Off Off Off
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Instrumentation and Data Collection

The test facility and air-conditioning units were fully instrumented to monitor the performance of
the air conditioners and the resulting indoor air conditions (Figure 5).  A datalogger installed
within the test building measured 50 parameters at 10-second intervals, and 1-minute averages or
summations were stored for analysis. Seven additional parameters were added in November
2002 to closely monitor the performance of the enthalpy recovery wheel (ERW) located within
the TIAX energy-efficient rooftop unit (Figure 6). The collected information was transmitted to
FSEC’s mainframe computer via local area network every hour, where it was automatically
screened (high/low limits) and stored in a database. Out of range values are flagged and a
warning message is automatically sent via e-mail. To allow FSEC and TIAX researchers to
monitor system performance real time, plots of the measured data were generated and posted to a
web site every two hours (one hour toward the end of the project) for review by all project
participants. The plots also allowed FSEC personnel to regularly check for proper operation of
the datalogger and instrumentation, yielding only a few brief periods of missing data due to
quick fault detection. Figure 7 through Figure 9 show typical plots of measured data for
November 24, 2002.

Figure 5.  Space Air Temperature and Relative Humidity Sensors
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Figure 6.  Temperature and Relative Humidity Measurements of ERW Supply Air

Air temperatures were measured at various locations indoors, in the ceiling space, outdoors and
in ductwork using type-T thermocouples. Air relative humidity was measured at various
locations indoor and outdoors using ± 2% RH transmitters and ± 5% RH sensors that were all
recalibrated at FSEC using a chilled mirror hygrometer and a thermocouple. Building
pressurization was monitored using a precision differential pressure transducer, with accuracy
being the greater of ± 1% of reading or 0.2 Pascals. The bi-directional pressure transducer
automatically zeros its output reading every 5 seconds to eliminate sensitivity to sensor
orientation and temperature changes.

Electrical consumption for the entire building (excluding lighting), lighting and each air
conditioner were monitored using ± 1% watt-hour transducers. Air flow rates were monitored
using air flow stations with ± 2% accuracy along with ± 1% differential pressure transducers.
Condensate removal by the air conditioners was measured using a condensate pump and positive
displacement flow meter (200 pulses per gallon). Table 4 summarizes the monitored parameters.
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Table 4  Monitored Parameters
Measurement Description Quantity Notes

Ambient 4 2 at weather station and 1
at OA inlet for each RTU

Space Interior 10 5 above/5 below ceiling
RTU Return 1 Common return duct

Temperature

RTU Supply 1 Common supply duct

Ambient 3 1 weather station and 1 at
OA inlet to each RTU

Space Interior 5 Below ceiling only
RTU Return 1 Common return duct

Humidity

RTU Supply 1 Common supply duct
Solar insolation Ambient 1 1 on building roof

Power Input TIAX / Conventional RTU Power 3 2 TIAX / 1 Conventional

Condensate TIAX / Conventional RTU
condensate removal 1 Common condensate pump

SA Flow Rate TIAX / Conventional SA CFM 1 Common pitot tube
RA Flow Rate TIAX / Conventional RA CFM 1 Common pitot tube
OA Flow Rate TIAX / Conventional OA CFM 2 At each unit’s OA inlet

TIAX RTU:
   Unit Enable On/Off 1 PLC relay interrupt
   Compressor 1 On/Off 1
   Compressor 2 On/Off 1
   Main Blower Speed Signal 1
   Exhaust Blower Speed Signal 1
   ERW Bypass Damper Open/
      Closed 1

   Return Damper Position Signal 1
   Outdoor Damper Position Signal 1

Status obtained through
interface with TIAX PLC
controller.

Conventional RTU:
   Unit Enable On/Off 1 TSTAT relay interrupt

   Compressor 1 On/Off 1 Current relay at
compressor

Operating Status

   Compressor 2 On/Off 1 Current relay at
compressor

Building Power Total Building Power (excluding
lighting) 1 Common power meter

Lighting Power Internal Lighting Power 1 Common power meter

Building Pressure Interior pressure with respect to
outdoors 1

Enable On/Off 1 ERW relay interrupt

Temperature of ERW supply air 3 1 each at 45, 90, 135
degrees at wheel faceTIAX ERW

Relative humidity of ERW supply
air 3 1 each at 45, 90, 135

degrees at wheel face

Data Logger Battery Voltage 1
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C-13Figure 8.  Example Measurements of Air Conditioner Performance
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Air-Conditioning Equipment Under Test

As explained previously, the field test program was conducted to evaluate the performance of
TIAX’s energy-efficient rootop air conditioner and a conventional rooftop unit by alternately
cooling the test facility using the same air distribution system. The two air conditioners and a
portion of the air distribution system are shown in
Figure 10.

While FSEC’s Building Science Laboratory included rooftop mounting platforms for air
conditioning equipment, they were not utilized for this project due to equipment size, weight
considerations and time constraints. Instead, the air conditioners were installed approximately 5
feet above grade adjacent to the west side of the test facility. The air conditioners were installed
on steel platforms to allow ductwork to connect to the bottom of each unit. A single air
distribution system was installed within the test building, and the ductwork was extended
through an exterior door for connection to the air-conditioning units. Dampers were installed in
the supply and return ductwork near each air conditioner, allowing each unit to operate as
scheduled while the other air conditioner was isolated (). The supply air ductwork located
outdoors was constructed of galvanized steel externally insulated with R-8.3 rigid fiberglass duct
board and covered with an elastomeric vapor barrier jacket to protect from moisture intrusion.
The supply air ductwork located in the vented ceiling space of the building was constructed of R-
6 fiberglass ductboard. The return air ductwork located outdoors was constructed of galvanized
steel internally insulated with approximately R-3 fiberglass insulation, with all metal seams
sealed airtight.

Figure 10.  Air Conditioners Under Test (southwest exposure)
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Figure 11: Air Conditioner and Ductwork Orientation (plan view)



C-17

Table 5 compares the characteristics of the TIAX energy-efficient air conditioner with the
conventional air conditioner. The TIAX unit included 10 tons of compressor capacity plus an
enthalpy recovery wheel (ERW) to reclaim energy from the exhaust air stream to pretreat the
incoming outdoor ventilation air. A variable speed supply fan provided conditioned air to the
building based on sensible and latent cooling requirements (supply air flow reduced when
additional dehumidification was required). A return air damper within the unit modulated to
maintain a constant outdoor ventilation rate while the supply air flow rate was varied. A variable
speed motor was also used to vary the exhaust fan speed to maintain the proper exhaust air flow
rate. Air-side economizer operation was available to both bypass the energy recovery wheel and
also increase the outdoor air flow rate to provide free cooling. However, the economizer cycle
rarely operated due to the lack of appropriate weather conditions during the test period.

The conventional air conditioner selected for comparison testing was a high-efficiency packaged
rooftop unit manufactured by Carrier Corporation. The nominal capacity of this constant supply
air volume system was 11.2 tons at ARI rating conditions (Carrier 2002, ARI 1989). The
MoistureMi$er™ dehumidification package was included to provide a subcool/reheat coil after
the cooling coil for increased latent cooling capacity. A thermidistat (thermostat/humidistat
combined in a single unit) was also specified to allow the subcool/reheat coil to be controlled
based on indoor relative humidity levels. Indoor humidity above the setpoint enables the
subcool/reheat coil, but compressor operation is controlled solely by the dry-bulb temperature
thermostat (i.e., if humidity is high but the temperature setpoint is satisfied, no cooling or
dehumidification will be provided). At the request of TIAX, the conventional unit was specified
with an air-side economizer controlled by an outdoor air enthalpy sensor. A power exhaust fan
was also included to control building pressure during economizer operation. We were unable to

Table 5  Air Conditioner Comparison
Model TIAX energy-efficient unit Carrier 50HJ-015--V591AA

Nominal capacity 10-ton (2 ea. 5-ton scroll
compressors) 12-ton (2 ea. scroll compressors)

Supply air fan Variable air volume, 3 hp Constant air volume, 3.7 hp

Thermostat/humidistat Temperature and humidity
analog controller

Thermidistat (temp and RH)
digital controller

High humidity control Supply air fan speed control for
55% - 62% RH

Subcool/reheat coil activated
above 59% RH

Economizer
Economizer mode control
based on outdoor temperature
and absolute humidity level

Economizer option with single-
point enthalpy control

Exhaust Variable speed fan Constant speed fan

Outdoor ventilation air Supply air fan minimum speed
set for 830 cfm Damper position set for 830 cfm

Other
2000 cfm enthalpy recovery
wheel (65% effectiveness),
microchannel condenser coil

Independent refrigerant circuits,
aluminum fins on evaporator coil,
epoxy coated condenser coil
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operate the air-side economizer in the proper fashion due to the lack of appropriate weather
conditions and a faulty controller that could not be repaired before the end of the test period.

The nominal performance characteristics for the two air conditioners under test are summarized
in Table 6. The information for the conventional system was taken from the manufacturer’s
published literature and TIAX provided the information for their unit. The performance
information for the TIAX unit does not include the benefit provided by the enthalpy recovery
wheel. While the energy-efficiency ratio (EER) of the units are comparable, the seasonal
efficiency (integrated part-load value, IPLV) is 25% greater for the TIAX unit. The TIAX unit is
significantly more efficient at part-load conditions which occur much more often than peak
“design” conditions.

Table 6  Cooling Performance Characteristics of the Tested Air Conditioners
Carrier Unit

Performance
Category Standard Unit

at 3,600 cfm
Standard Unit
at 4,500 cfm

MoistureMi$er
Enabled at
4,500 cfm

TIAX Unit
Config 3.

(4,000 cfm)

Net Capacity* 131,000 132,300 125,500 113,000
EER* 10.8 10.7 10.3 10.8
IPLV 11.6 Not known Not known 14.1
Sensible Heat Ratio* 64% 69% 60% 68%

Notes: *Performance at 80°F db/67°F wb cooling coil inlet air, 95°F db air entering the condenser coil
with 0.2” wc external static pressure. Net capacity includes the impact of supply air fan heat.

FSEC personnel commissioned the conventional unit according to the manufacturer’s
instructions. The outdoor air flow rate was set to provide 830 cfm when the air conditioner
operated (as close to the 840 cfm target as we could get). This ventilation air flow rate included
247 cfm of outdoor air leakage through the power exhaust unit. The air leakage was quantified
using a calibrated fan (Figure 11). During the course of this project, relatively few changes were
made to this unit once damper control settings were made to provide proper flow rates.

TIAX personnel commissioned their energy-efficient unit for proper operation and performance
in July and August 2002. Outdoor air flow rate was initially set to 1125 cfm but was then
modified to 830 cfm to match the outdoor ventilation air flow rate for the conventional air-
conditioning unit. Tracer gas measurements were performed to properly account for outdoor air
short circuiting to the exhaust flow stream by leakage through the energy recovery wheel face
seals and media (Figure 12). Because of the variable supply and exhaust air flows and the
modulating damper within the unit, the amount of outdoor air short circuiting in this fashion
varied with the supply air flow rate. Some tracer gas testing results are shown in Figure 13 and
Figure 14. During the course of the project, issues regarding the field performance of the TIAX
unit were resolved through adjustment of parameter settings in the unit’s programmable logic
controller (PLC) or software revisions to the PLC which required replacement of the on-board
EEPROM.
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Figure 11.  Quantifying Air Leakage Through Power Exhaust Unit

Figure 12.  Tracer Gas Testing to Quantify Outdoor Air Bypass

Calibrated fan

Temporary plenum

Detect neutral
plenum pressure
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Figure 13.  Enthalpy Recovery Wheel Bypass Flow at 68% Supply Air Fan Speed

Figure 14.  Enthalpy Recovery Wheel Bypass Flow at 100% Supply Air Fan Speed
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Both air-conditioning units were set to control the indoor temperature and relative humidity to
75°F and 59% RH, respectively. With assistance and guidance from TIAX personnel, the PLC
settings and PLC programming for the TIAX unit were adjusted early in the test sequence to try
to mimic the control characteristics of the conventional unit’s thermostat (e.g., temperature
deadband between 1st and 2nd stage cooling, etc.). Differences in controller set points and
operating characteristics can have a significant impact on the energy performance and resulting
indoor conditions maintained by each system. Therefore, a concerted effort was made to adjust
the controllers for each unit to operate in a similar fashion to minimize the impact of this
variation when analyzing the measured energy performance data.

Test Sequence

Formal testing of the air-conditioning units began on August 31, 2002. The units were operated
on an alternating basis to condition the test facility, with nearly equal test time for each unit for
most of the test period. Later in the program, the performance of the TIAX unit’s enthalpy
recovery wheel was monitored in greater detail by scheduling more test days for this unit. Test
schedule adjustments and specific tests were performed as requested by TIAX personnel. A daily
log of events was generated throughout the test period to document thermostat changes, air flow
adjustments, special testing that was performed, and various other issues to assist with data
analysis and interpretation (Table 7). Testing ended on January 15, 2003.

Table 7  Daily Event Log
Date Unit Under Test Comments
08/26/02 TIAX/Carrier Adjusted control settings for both units to hold 75F, 58%-60%RH set

points.  Included site visit by Bill Murphy and Darrell King from TIAX.
08/27/02 TIAX/Carrier Control adjustments continue
08/28/02 TIAX Control adjustments continue
08/29/02 TIAX Control adjustments continue
08/30/02 Carrier Control adjustments continue

08/31/02 Carrier First full day of testing without making any adjustments to the control
settings for either unit

09/01/02 Carrier None
09/02/02 Carrier None
09/03/02 TIAX None
09/04/02 TIAX None
09/05/02 TIAX None
09/06/02 Carrier None
09/07/02 Carrier None
09/08/02 Carrier None
09/09/02 TIAX None
09/10/02 TIAX None

09/11/02 TIAX Performed tracer gas test to quantify ERW bypass cfm at minimum indoor
fan speed. 10:15 am – 12:15 pm

09/12/02 TIAX

Added fan near thermostats around 12:30 pm based on discussions with
TIAX. Switched to another smaller fan just prior to 1 pm.  Impact:
reduced on/off temp swing for 2nd stage cooling from 5F to about 3.3F.
Primarily impacted OFF temp (allowed Tstat to sense the temperature
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reduction faster).

09/13/02 Carrier

Turned on small fan near thermostats around 8:30 am -> same fan position
as used the previous day for TIAX unit testing. Reduced Carrier on/off
temp swing for 2nd stage cooling from 3F to about 1.5F. Changed position
of fan to try to counteract problems we were seeing with significant
differences between the RH levels measured by the Carrier thermostat and
the datalogging equipment  different fan position didn’t help. Lowered
Carrier thermostat setpoint by 1F to keep 75F average space condition
(target). 2nd stage didn’t shut off for several hours. Decided to revert back
to original thermostat settings and turn small Tstat fan off for testing over
the next few days to allow further consideration on this issue.  Removed
TIAX TSTAT sensor probe cover to allow faster response to indoor
conditions without the use of fan.

09/14/02 Carrier None
09/15/02 Carrier None

09/16/02 TIAX

Reset ERW exhaust to approx. 90% of ERW supply flow.  OA set point
(INT 7) changed from 530 to 570.  The exhaust air set point as a
percentage of OA set point (INT 8) was change from 75 to 135.
Performed tracer gas tests from 9:30 am – 5 pm to quantify ERW bypass
cfm at both min and max indoor fan speeds. SA flow periodically
“slipped” when indoor fan speed was at max during this testing (see
measured data around 3 pm) -- not sure why [possible belt slippage?].

09/17/02 TIAX Normal operation with 90% ERW exhaust flow.
09/18/02 TIAX Normal operation with 90% ERW exhaust flow.

09/19/02 TIAX Normal operation, ERW exhaust flow returned to 45%.  INT 7 changed to
530 and INT 8 changed to 75.

09/20/02 Carrier None. Powered up TIAX PLC briefly to document INT values (~12:45
pm), but TIAX unit didn’t run.

09/21/02 Carrier None
09/22/02 Carrier None

09/23/02 TIAX
Inadvertently left TIAX switch in OFF instead of AUTO. Unit switch
turned to AUTO at 8:50 am. Installed new EEPROM (Ver 1) from TIAX
at 11:11 am.

09/24/02 TIAX None

09/25/02 TIAX

Installed replacement EEPROM (Ver 2) at 10:40 am. Space temp setpoint
changed from 76F to 75F at 11:47 am. Space temp setpoint changed from
75F to 74F at 1:32 pm. Increased space RH setpoint from 57% to 58% at
3:43 pm.

09/26/02 TIAX Per discussions with TIAX, changed Int #15 (deadband) value from 1 to 2,
and Int #25 (offset) value from 2 to 1, at 11:35 am.

09/27/02 TIAX None
09/28/02 TIAX SA flow slightly high (4743 cfm vs 4500 cfm target) at 100 % fan speed.
09/29/02 TIAX None
09/30/02 TIAX None

10/01/02 TIAX
Per TIAX request, changed Int#3 (indoor blower minimum speed) from
65% to 60% at 8:07 am. Per TIAX request, changed Int#3 (indoor blower
minimum speed) from 60% to 55% at 1:10 pm.

10/02/02 TIAX None

10/03/02 TIAX OA set point (INT 7) changed from 530 to 562 at 4:00 pm per TIAX
request.

10/04/02 TIAX None (Carrier unit air filters replaced at 11:15 am)
10/05/02 TIAX None
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10/06/02 TIAX None

10/07/02 TIAX OA set point (INT 7) changed from 562 to 600 at 10:20 am per TIAX
request.

10/08/02 TIAX TIAX filters replaced at 5:15 pm.  Small group tour (8 people) from 3:00-
3:10 pm.

10/09/02 TIAX None
10/10/02 TIAX None
10/11/02 TIAX None
10/12/02 TIAX None
10/13/02 TIAX Network failure resulted in lost data  (1:00 pm – 12:00 mid)
10/14/02 TIAX Network failure resulted in lost data  (12:00 mid – 6:35 am)
10/15/02 TIAX None
10/16/02 TIAX None
10/17/02 TIAX None
10/18/02 Carrier None
10/19/02 Carrier None
10/20/02 Carrier None
10/21/02 Carrier None
10/22/02 Carrier None
10/23/02 Carrier None
10/24/02 Carrier None
10/25/02 TIAX None
10/26/02 TIAX None

10/27/02 TIAX Both compressors did not operate the entire day, resulting in high indoor
temperatures.

10/28/02 TIAX

Breakers for compressors 1 and 2 were reset at 8:19 am.  Carrier
thermidistat and FSEC datalogger time adjusted back by 1 hr at 2:34 pm.
Coil freeze protection thermocouple re-connected at terminal block at
3:00 pm.

10/29/02 TIAX None

10/30/02 TIAX

Unit compressors turned off at 5:39 pm for 4 minutes and again at 5:45
pm for 4 minutes.  The TSTAT temperature was 76.7 F and 78.0 F,
respectively.  The shut down was most likely caused by the coil
temperature thermocouple measurement (see 10/28/02 comment above).

10/31/02 TIAX None
11/01/02 Carrier EEPROM replaced in TIAX unit’s PLC.
11/02/02 Carrier None
11/03/02 Carrier None
11/04/02 Carrier None
11/05/02 Carrier None
11/06/02 Carrier None
11/07/02 Carrier None
11/08/02 TIAX Installed ERW T/RH sensors.  Unit down majority of day.
11/09/02 TIAX None
11/10/02 TIAX None
11/11/02 TIAX None

11/12/02 TIAX
Modified and downloaded datalogger program to include ERW T/RH
sensors.  New channels stored in mainframe database as of 11:11 am.
Added ERW Enable Flag (0=ON, 1=OFF) at 3:35 pm.

11/13/02 TIAX
Storage room T/RH sensors moved to Common Return for comparison to
Common Return T/RH sensors at 10:25 am.
ERW rotation disabled at 12:30 pm for in-situ calibration of the new
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T/RH sensors installed after the ERWheel with the existing Outside Air
T/RH sensors located upstream of the ERWheel.
Modified control program to enable TIAX for 10 days (1st 2 days ERW is
off) and Carrier for 4 days.

11/14/02 TIAX
At 5:15 pm, the Carrier economizer setpoint was changed from the default
setting of “D” to setting “A”(27 Btu/lb) per discussions with TIAX.  ERW
disabled.

11/15/02 Carrier Network communication problem resulted in loss of data from 8 am to
9:15 am.

11/16/02 Carrier None
11/17/02 Carrier None

11/18/02 Carrier None.  Reset economizer controller at 5:25 pm to manually reset the
factory default setting of 22 Btu/lb to 27 Btu/lb.

11/19/02 TIAX ERW Disabled.
11/20/02 TIAX ERW Disabled.
11/21/02 TIAX None
11/22/02 TIAX None
11/23/02 TIAX None
11/24/02 TIAX None
11/25/02 TIAX None
11/26/02 TIAX None
11/27/02 TIAX Data lost beginning 10:03 pm due to hard disk problem.
11/28/02 TIAX Data lost all day due to hard disk problem.
11/29/02 Carrier Data lost all day due to hard disk problem.
11/30/02 Carrier Data lost all day due to hard disk problem.
12/01/02 Carrier Data lost all day due to hard disk problem.

12/02/02 Carrier
At ~11 AM, replaced TIAX unit EEPROM with new version that arrived
today. Economizer operation logic was modified in the new EEPROM.
Data collection resumed at 4:13 am (hard disk problem resolved).

12/03/02 TIAX ERW Disabled
12/04/02 TIAX ERW Disabled

12/05/02 TIAX Changed Carrier filers at 5:00 pm.  Noted that economizer controller fault
LED showed a solid green light denoting no errors present.

12/06/02 TIAX None
12/07/02 TIAX None
12/08/02 TIAX None
12/09/02 TIAX None
12/10/02 TIAX None
12/11/02 TIAX PC malfunction resulted in 7.5 hours of lost data (12:03 am – 7:41 am)
12/12/02 TIAX None
12/13/02 Carrier None
12/14/02 Carrier None
12/15/02 Carrier None

12/16/02 Carrier Carrier economizer controller not functioning properly.  Filters changed in
TIAX unit at 4:15 p.m.

12/17/02 TIAX Facility-wide power failure at 9:30 a.m.  TIAX power turned off and on at
10:30 a.m. to reset indoor fan operation. ERW disabled all day.

12/18/02 TIAX

Replaced EEPROM with latest version just before 1 p.m.  TIAX unit
stopped operating at 3:37 pm (PLC fault?). Unit was restarted at 5:20 pm
(power disconnect switched off then back on).  New EEPROM removed
and replaced with previous version at 7:30 p.m. ERW Disabled

12/19/02 TIAX None
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12/20/02 TIAX None
12/21/02 TIAX None
12/22/02 TIAX None
12/23/02 TIAX None
12/24/02 TIAX None
12/25/02 TIAX None
12/26/02 TIAX None
12/27/02 Carrier None
12/28/02 Carrier None
12/29/02 Carrier None
12/30/02 Carrier None
12/31/02 TIAX ERW Disabled
1/1/03 TIAX ERW Disabled
1/2/03 TIAX None
1/3/03 TIAX None
1/4/03 TIAX None
1/5/03 TIAX None
1/6/03 TIAX None
1/7/03 TIAX Lab cleaned up prior to tours (afternoon).
1/8/03 TIAX Network failure resulted in lost data 4 p.m. – Midnight.

1/9/03 TIAX Network failure resulted in lost data, Midnight to 8 a.m.  Brief tour of
facility at 3:00 p.m.

1/10/03 Carrier Brief tour of facility at 11:30 a.m.
1/11/03 Carrier None
1/12/03 Carrier None
1/13/03 Carrier Power supply failure, system did not start on schedule
1/14/03 Carrier None
1/15/03 Carrier Final day of data collection

Energy Comparison

While it was primarily TIAX’s responsibility to analyze and interpret the test data, FSEC
assisted by developing a basic plot of system performance to allow a first-cut comparison of unit
performance. The plot, shown in Figure 15, was generated on a daily basis throughout the test
period. Energy use for each unit is plotted versus average outdoor air dry-bulb and dewpoint
temperature. Daily condensate removal for each unit is also plotted versus average outdoor air
dewpoint temperature. Various system adjustments were implemented throughout the test period
(as noted in the event log, Table 7), and the data were plotted using a unique symbol or color for
each distinct configuration. Daily energy use was correlated, using a least-squares linear curve
fit, to the average outdoor dry-bulb temperature. Daily moisture removal was correlated, using a
least-squares linear curve fit, to the average outdoor dewpoint temperature.

These energy and dehumidification comparisons were posted to a web site each morning after a
full day of testing had been completed. The information was reviewed by all project participants
and was used to determine if certain operating parameters needed adjustment. The impact of
operating parameter changes was quickly determined and further adjustments could be made if
necessary. At times, input parameter changes to the TIAX unit’s PLC could not produce the
desired result and the PLC programming had to be modified by TIAX and sent to FSEC in the
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form of a replacement EEPROM.

As the project progressed, different control strategies implemented for the TIAX energy-efficient
rooftop unit were tested and analyzed. The following outlines the major configurations that were
analyzed throughout the project and are portrayed in Figure 15:

Conventional rooftop unit (Carrier) performance
TIAX unit performance with the original EEPROM
TIAX unit performance with an enthalpy recovery wheel (ERW) exhaust-to-outdoor air ratio of 90%
TIAX unit performance using EEPROM Version 2
TIAX unit performance with an ERW exhaust-to-outdoor air ratio of 55%
TIAX unit performance with the ERW disabled
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Summary

Field testing was conducted from August 31, 2002 through January 15, 2003 to evaluate
the performance of an energy-efficient rooftop packaged air conditioner developed by
TIAX and a high-efficiency, commercially-available packaged unit manufactured by
Carrier Corporation. The test units were used to condition FSEC’s Building Science
Laboratory and Training Facility located in Cocoa, Florida. The units were operated on
an alternating basis to condition the test facility using a common air distribution system.
Internal loads were generated using interior lights, heaters and a moisture generator to
simulate a typical small office building. These loads were applied using a consistent
schedule throughout the test period, leaving weather as the major independent variable
impacting the performance of each unit.

The test facility and each air conditioner were fully instrumented to monitor weather
conditions, interior temperatures and humidity levels, and various performance aspects
of the air conditioners. The collected data were plotted every two hours (one hour
toward the end of the project) and posted to a web site for all project participants to
review. A summary plot of hourly and daily system performance was also generated and
posted nightly to the web site. Detailed data measurements could be pulled from the
project database via the same web site for further analysis. Providing the measured data
on a real-time basis via the worldwide web allowed system performance to be evaluated
by all project participants regardless of their location with respect to the test site. Test
schedule modifications and equipment control adjustments were quickly implemented
and evaluated with this rapid feedback mechanism.
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