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STATE OF CALIFORNIA Edmund G. Brown Jr., Governor

PUBLIC UTILITIES COMMISSION
505 VAN NESS AVENUE
SAN FRANCISCO, CA 94102-3298

January 31, 2017
Laboratory HVAC Testing Research for 2013-2014

Energy Division staff commissioned this study (HVACS5) in 2013-14. The objective was to
obtain insight into HVAC performance using a controlled laboratory environment. Intrinsically,
laboratory testing provides impact data and insights into HVAC system response to service
actions that are not possible in a field study. HVAC laboratory testing is an ongoing activity
spanning multiple program cycles.

The Introduction to this report is authored by DNV GL and references the laboratory report by
Robert Mowris and Associates (RMA) with more detailed findings. The Introduction capacity
and efficiency values have been converted from system to equipment format that can be
used as inputs into building simulations models such as those used by the investor-owned
utility (IO0U) workpapers and the Database for Energy Efficiency Resources

(DEER). However, the lab results provide useful underlying measurement data which are
being made available to the public with publication of this report. The DNV GL team used the
lab data to produce adjusted findings that can be used in building simulations and to inform
program savings estimates for program impacts using appropriate engineering best
practices. These estimates are contained in the test data file (APPENDIX D). Please see
section 2.1 of this report for more details.

The detailed laboratory report prepared by RMA is being provided to the public exactly as
submitted by the authors, and has not been edited by DNV GL or Energy Division.

Sincerely,

Peter Biermayer P.E.



1 INTRODUCTION

This document provides an introduction to a detailed report of the results of laboratory testing of heating,
ventilation, and air conditioning (HVAC) equipment for the California Public Utilities Commission (CPUC). It
identifies why the work was completed, objectives, and study approach. It also provides some of the major
findings from the laboratory testing.

Per the Laboratory HVAC Testing Research Plan, the purpose of these tests is to establish the energy
impacts of faults that HYAC maintenance programs address. The test results are also meant to:

« Improve the accuracy of the California Database for Energy Efficiency Resources (DEER) updates
« Examine fault detection diagnostic (FDD) reliability

¢ Examine instrumentation accuracy

« Probe unexpected findings

This report assumes that the reader has a basic level of HVAC knowledge. APPENDIX B provides HVAC
fundamentals and a discussion of the refrigeration cycle.

1.1 Background

Air conditioning is a key contributor to peak electric demand across California. Many existing air conditioners
operate less efficiently due to performance deficiencies or faults. Unfortunately, direct measurement of
efficiency in the field presents physical constraints and unknown and uncontrollable factors that result in
higher measurement uncertainty than laboratory testing. Past CPUC HVAC evaluations have shown that the
field test measurement uncertainty may exceed the magnitude of the efficiency and capacity changes
resulting from correcting the fault.! Reliable efficiency measurements require controllable, accurate, and
repeatable laboratory testing that is generally performed only for new equipment at standardized test
conditions. The CPUC has initiated laboratory testing of HVAC equipment at off-design or in situ (existing
installed system) conditions to support Quality Maintenance (QM) and commercial HVAC tune-up energy
efficiency programs administered by investor-owned utilities (IOUs) in California.

This document provides an introduction to a more detailed report on the results of ongoing laboratory tests
investigating the impact of HVAC maintenance faults on efficiency as well as additional discoveries beyond
the initial objectives. This is the second in what will be a series of documents that report on the results of
these laboratory tests.? This report period covers laboratory test data from the 2010-12 and 2013-14
funding cycles. The CPUC is conducting this testing for the following reasons:

 To capitalize on the potential energy savings of HVAC energy efficiency programs. The
potential electric energy and peak demand savings from commercial HVAC equipment is significant.3
Improving the accuracy and reliability of savings estimates in the HVAC programs will have a greater
effect on the accuracy and reliability of the portfolio as a whole.

1 pnv GL, Evaluation, Measurement, and Verification of the California Public Utilities Commission HVAC High Impact Measures and Specialized
Commercial Contract Group Programs. CPUC, 2010.

2 DNV GL, HVAC Impact Evaluation FINAL Report WO32. CPUC, 2015.
http://www.calmac.org/publications/FINAL_HVAC_Impact_Evaluation_WO32_Report_28Jan2015_Volumel_Report.pdf._An interim memo was
produced for the IOUs and WHPA August 2013.

3 california Public Utilities Commission. California Energy Efficiency Strategic Plan: January 2011 Update.
http://www.energy.ca.gov/ab758/documents/CAEnergyEfficiencyStrategicPlan_Jan2011.pdf
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« To improve accuracy of program savings estimates. The installation and realization rates from the
2006-08 and 2010-12 impact evaluations showed that recent ex ante (before evaluation) HVAC energy
savings estimates were unreliable. Laboratory testing increases accuracy of these important savings
estimates by replicating actual installations, testing installation and maintenance faults under controlled
conditions, and updating DEER* inputs. Laboratory testing also helps focus evaluation field
measurements on the most significant variables.

- The CPUC DEER team has already used the results of the laboratory tests to support savings
estimates from fault evaluations.

« To improve energy efficiency program delivery. Laboratory results can improve FDD and allow
HVAC technicians to more clearly identify the cause or causes of operational issues. Current issues that
can be addressed by laboratory testing include a general lack of knowledge, unproven diagnostic
methods, inaccurate tool use, and unreliable measurement predictors.

+ To satisfy energy efficiency program requirements. The CPUC requires that some measures
receive ex-post evaluation to best determine the actual energy and demand impacts. A primary
objective of the laboratory testing is to inform the ex-post evaluation effort by developing estimates of
common HVAC faults that are difficult to measure in the field. Incorporating laboratory measurements in
the ex post evaluations will improve the confidence in program-level estimates.

- The impact evaluation of the 2013-14 QM programs® has already used the laboratory data to support
energy savings estimates associated with condenser coil blockage, among other things.

« To maximize the energy savings of HVAC energy efficiency programs. Lab testing has suggested
additional measures and savings opportunities for inclusion in HVAC installation and maintenance
programs, and will guide the development of best practices for these programs. Improved practices have
significant potential to increase electric energy and peak demand savings for these programs.

Laboratory testing enables the most effective determination of the impact of faults on capacity and system
efficiency, which drive energy use and affect occupant comfort. It allows control and consistency of all test
conditions and can isolate faults and eliminate system effects. It uses more accurate instrumentation with
optimal sensor placement to measure unit performance under known faults generated at precise levels. In
the field, under weather and occupant-control conditions, faults are diagnosed but often impossible to
directly observe. Consequently, instrumentation must sacrifice sensitivity and accuracy for reliability, cost
per sample point, and non-destructive installation. Detailed laboratory testing is essential to understanding
the findings from fieldwork, especially in quantifying smaller efficiency improvements where the change in
system efficiency is less than the field measurement uncertainty.

Scalable conclusions can be reached based on the tests conducted in this study, allowing wide application of
the findings to non-tested systems because the fundamental operational characteristics of HVAC units are
not expected to differ widely between manufacturers of units with similar designs.

This report provides results of two types of tests conducted primarily in the 2013-14 funding cycle:

1. Testing to determine the capacity and efficiency of units under typical in situ and fault conditions

4 california Energy Commission (CEC) and CPUC sponsored database designed to provide well-documented estimates of energy and peak demand
savings values, measure costs, and effective useful life (EUL) all with one data source.

5 DNV GL, Impact Evaluation of 2013-14 HVAC3 Commercial Quality Maintenance Programs. CPUC, 2016.
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2. Testing to determine the ability of equipment and current procedures to diagnose maintenance faults.

In all cases, the testing focuses on unitary systems subject to American National Standards Institute /Air-
Conditioning, Heating, and Refrigeration Institute (ANSI/AHRI) Standards 210/240 or 340/360, depending
upon system size.

1.2 Objectives

The laboratory team includes staff from DNV GL (primary evaluators), Robert Mowris and Associates (RMA),
and Intertek (an independent AHRI certified testing laboratory). The team worked closely with HVAC
maintenance and installation program implementers, IOU representatives, and industry groups (e.g., the
Western HVAC Performance Alliance or WHPA) to identify the objectives for this project. Some of the key
objectives of the testing activities include:

e Reducing uncertainty and establishing confidence in ex ante and ex post savings estimates

« Developing comprehensive, reliable knowledge-based information serving the needs of multiple
stakeholders

e Conducting enhanced and ongoing collaboration between laboratory testing, program evaluation, and
implementation teams to evaluate the success of HVAC programs

« Developing standardized laboratory test protocols with a common data repository for test results and
reporting of HVAC system operational metrics under non-AHRI standard conditions

« Developing tests to characterize the performance or effectiveness of:

Systems that include emerging HVAC technologies such as digital economizers
Systems that suffer from commonly occurring faults
FDD protocols

1.3 Approach

The laboratory regimen was established by the CPUC, in part based on a desire to understand the efficiency
of an HVAC system across its entire lifetime. Prior to this project, the only reliably known equipment
efficiency was that determined during equipment design, when manufacturers are required to measure the
rated efficiency under standardized conditions (AHRI-specified conditions). However, it is a well-known fact
that the efficiency of the equipment as it is installed and operated is likely not equal to the rated efficiency.
The DNV GL team devised the HVAC Lab testing strategy to address the unknowns. The goal of the strategy
is to test each unit under the following regimen:

+  Out-of-the-Box (OOTB): This test measures the condition of the unit as it is received from the
manufacturer, or straight “out-of-the-box.” It is equivalent to the unit condition entering the installation
phase. Typically, the conditions for this test (Table 1) differ from AHRI-specified conditions in that:

- Static pressure settings are typical of in situ conditions (more detail later)
- The unit is left as shipped with no additional sealing
- The supply fan speed is left as shipped

« Refrigerant Weigh-in: After the initial OOTB test, the refrigerant is recovered and weighed to
determine whether it matches the factory nameplate specification.

*« AHRI: Units are tested under AHRI test specifications to confirm that they meet AHRI requirements
within the allowable tolerances. Modifications to meet AHRI conditions generally include reduction in
supply fan speed to meet AHRI flow and external static pressure requirements, insulation under the unit,
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and cabinet air leakage sealing. The specifications for a 7.5-ton and 3-ton rated-capacity unitary
commercial air conditioner are listed in Table 1.

« In-situ: A number of tests are conducted under in-situ conditions; that is, conditions that were found to
be typical during CPUC HVAC evaluation field studies sampled from past IOU program populations.
These tests are conducted across a range of operating conditions to give us a better sense of how those
conditions affect efficiency. The following are in-situ tests performed:

- Economizer testing: California requires economizers to be installed on all commercial air conditioners
above a certain size; however, economizers are not part of the AHRI test specification and therefore
the effect of the economizer is not included in the AHRI rated efficiency.

- Damper position: These tests are conducted to determine the effect of changing damper positions on
outdoor air ventilation rates and unit capacity and efficiency.

- Part-load operation: These tests are conducted to determine performance at conditions less extreme
than the design state, which is called part-load operation. Smaller units (less than 65,000 Btu/hr)
must use cycling tests to determine rated efficiency (SEER), while larger units use a test at a single
set of conditions (AHRI energy efficiency rating “A” or "B” test) or use the average of four sets of
conditions (integrated energy efficiency ratio or IEER) to determine rated efficiency. The part-load
operation test replicates the cycling test on larger units, which is assumed to be more representative
of typical operation.

- Fault testing: These tests are conducted to determine the effect of faults such as low refrigerant
charge, non-condensable impurities in the refrigerant, and refrigerant system restrictions on unit
capacity and energy efficiency and gain information that may help diagnose the faults in the field.

+ Diagnostic Equipment Testing: Tests were also conducted with diagnostic equipment to assess the
accuracy of field instrumentation and issues with typical field measurement protocols.
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Table 1. AHRI, OOTB, and in-situ test specifications

Specified Condition AHRI 0O0TB In Situ

7.5-ton: Maximum 0.25 in H20
External Static Pressure (inches of water column) 0.3to 1.2 in H20 0.3-1.2 in H20
3-ton: Maximum 0.15 in H20

. Maximum 450 standard cubic Varies from 250 to 680
Airflow feet per minute (SCFM)/ton® 400 SCFM/ton SCFM/ton
Indoor Dry-Bulb (DB) 80°F 80°F 75°F
A & B Tests: 67°F A & B Tests: 67°F
Indoor Wet-Bulb (WB) C & D Tests: 57°F C & D Tests: 57°F 62°F
A Tests: 95°F A Tests: 95°F Varies from 55°F to
Outdoor Dry-Bulb (DB) B, C, & D Tests: 82°F B, C, & D Tests: 82°F 115°F
1 test: 76°F
_ A Tests: 75°F* 13 tests: 70°F . ° °
Outdoor Wet-Bulb (WB) B, C, & D Tests: 65°F* 2 tests: 65°F Varies from 51°F to 80°F

4 tests: 58°F

Cabinet Sealing Yes No Varies
Refrigerant Charge Factory As delivered (OOTB) Varies
Economizer No No Varies

NOTE: A, B, C, and D tests are defined by ANSI /AHRI Standards 210/240 or 340/360.

SCFM is the volumetric flow rate of a gas corrected to standardized conditions of temperature and pressure, eliminating the effect of density and
resulting in a comparable flow rate that corrects for mass.

* The specified test condition only applies if the unit rejects condensate to the outdoor coil.

The primary difference between the AHRI test conditions and the OOTB and in situ test conditions is the
external static pressure. External static pressure represents the resistance that the blower fan needs to
overcome to push the air through the duct system to the space it conditions. The AHRI tests are conducted
using a static pressure that does not represent typical installed conditions. The OOTB tests and in situ tests
are conducted at a static pressure consistent with what has been measured and observed in field studies.

1.1 Tested equipment

The tests reported in this document were conducted on 7.5-ton and 3-ton commercial packaged units. These
units were unused (new) and purchased from a variety of sources. The air conditioner manufacturer, unit
size, model, economizer manufacturer, and diagnostic manufacturer were chosen to reflect the largest
portion of the population of units served by commercial CPUC HVAC programs, which are shown in Table 2.

& SCFM is the volumetric flow rate of a gas corrected to standardized conditions of temperature and pressure, eliminating the effect of density and
resulting in a comparable flow rate that corrects for mass.
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Table 2. Chosen equipment and percent of typical QM Program represented

Equipment Percent . .
Characteristic Represented Defined Population

Manufacturer 75% Systems that received QM services in typical program’
Model 14% Systems that received QM services in typical program

Non-TXV* models 25% Total units in tons of cooling that received QM services

TXV* models 22.9% Total units in tons of cooling that received QM services
Economizer Manufacturer 90% Ecoqomlzers installed on systems that received QM

services

Diagnostic Tool 80% Tools used by technicians performing services in QM
Manufacturer ° programs

* TXV is thermostatic expansion valve.®

DNV GL believes that generalized and scalable conclusions can be reached based on the tests conducted on
these units, allowing wide application of the findings to other non-tested equipment because the
fundamental operational characteristics do not differ widely between manufacturers.® The possible exception
may be non-TXV?® systems with single fixed-geometry expansion devices rather than the multiple parallel
fixed-geometry expansion devices tested in this effort.

1.2 Completed tests

Table 3 provides an overview of the rooftop unit (RTU) test results provided in the report. The test names in
Table 3 provide a general description of the test performed; however, the individual tests performed on each
unit may have been conducted under different in-situ conditions, which are specified in the laboratory report.
In other words, a refrigerant charge fault test on RTU 1 may not be directly comparable to a refrigerant
charge fault test on RTU 3 because the test for RTU 1 may have used different test conditions, such as
different damper positions and airflow rates.

7 Program implementer data in 2010-12 were used to determine quantity of units receiving QM program incentives by manufacturer (see EEGA 2267
RCA Data_SDGE3161.xls).

8 While the data itself can be considered scalable, the interpretation of the data represents the opinion of RMA. The results indicate trends in energy
use specific to the test conditions. Extrapolating these results to installed units will need to consider behavioral factors such as set point
temperatures, operating schedules, and actual weather conditions.

9 A TXV unit uses a valve to adjust the flow of refrigerant entering the evaporator based upon a temperature sensor that measures the degree of
superheat exiting the evaporator. A non-TXV unit is one that uses fixed-geometry expansion devices to control the flow of refrigerant to the
evaporator.
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Table 3. Overview of RTU tests conducted

RTU 3 RTU 2 RTU1 RTU S5 RTU 4
Test Category 7.5-ton 7.5-ton 7.5-ton 3-ton 3-ton
Non-TXV XV XV Non-TXV TXV

00TB X X X X X
Part-load Cycling Tests X X X X
AHRI Verification X X X X X
Manufacturer Charge Diagnostics X X X X X
Outdoor Air Fraction at Varying Damper Positions X X X X
Effect _of Damper Position on Efficiency and X X X X
Capacity
Effect of Inoperable, 100% Open Economizer on X
Efficiency and Capacity
Airflow Impacts X X
Refrigerant Charge Faults X X X X
Non-condensable Faults X X
Condenser Blockage Faults X X X
Evaporator Blockage Faults X X X
Refrigerant Restriction Faults X X
Multiple Faults X X X

Table 4 provides an overview of the diagnostic instrument test results provided in the report.

Table 4. Overview of diagnostic tests conducted

Test Name

Refrigerant Hose Measurement Test

Refrigerant Tube Measurement Instrument Test

Pressure Measurement Instrument Test

Airflow Measurement Instrument Tests

1.4 Report structure

The detailed report follows a structure similar to this introduction, with a section on the study background,
objectives, and testing methods. The results are presented and organized by unit, with individual sections
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for each test performed on that unit. A separate section presents the results of the diagnostic testing. The
conclusions and recommendations are presented at the end of the report.

Each individual test section indicates the purpose of the test, the general test conditions, the test results,
and a description of the trends. As an example, consider the non-condensable fault tests conducted on the
7.5-ton non-TXV unit, RTU3. The section begins with the purpose of the tests: to evaluate the impact of
non-condensables on the efficiency of the unit. It describes the test conditions: economizer installed,
dampers closed, economizer perimeter unsealed, and airflow of 360 SCFM/ton.0 It also describes the
varying test conditions: outdoor conditions of 82°F, 95°F, and 115°F, and indoor conditions of 75°F DB and
62°F WB temperatures. It also indicates how the non-condensables were “introduced” by adding 0.4 oz of
nitrogen to the refrigerant system. The write-up goes on to discuss the quantitative tests results for each of
the six tests conducted to study the effects of non-condensables, and provides a table and figure of the
results. The other test sections follow a very similar structure.

While the findings from each group of tests are included in the individual test sections, they are also
summarized in the conclusions section of the report. These findings represent the specific interpretations of
the testing contractor, Robert Mowris Associates. The actual changes in energy use of an installed unit may
vary once site-specific influences of behavior and weather conditions are considered. The DNV GL team has
produced adjusted findings that can be used in building simulations, contained in the test data file
(APPENDIX D). See APPENDIX A for additional details.

10 standard cubic feet per minute (SCFM) is the volumetric flow rate of a gas corrected to standardized conditions of temperature and pressure,
eliminating the effect of density and resulting in a comparable flow rate that corrects for mass.
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2 FINDINGS

This section summarizes the main findings from the laboratory testing.

This section does not present detailed quantitative findings; rather, it indicates general trends seen in the
test results and how they appear to affect performance and efficiency. The same quantitative effects may
not represent the actual changes in energy use of an installed unit once site-specific influences of behavior
and weather conditions are considered. The DNV GL team has produced adjusted findings that can be used
in building simulations, contained in the test data file (APPENDIX D). APPENDIX A provides additional details.

2.1 How to use the results

The detailed laboratory report presents quantitative capacity and efficiency measurements under changing
conditions, such as varying refrigerant charge, introduced faults, and changing outdoor temperature.
However, these quantitative results cannot be used directly in building simulation programs, engineering
calculations, or to estimate energy efficiency savings because of the way they account for the air conditioner
load resulting from outdoor air. While the CPUC does not use the reported capacity and efficiency to directly
calculate energy savings in an impact evaluation, the raw lab results (the underlying data) were used in the
impact evaluation to update efficiency versus charge curves and inform coil cleaning impacts, among other
results. For example, Figure 4 shows a figure from the report of the impact evaluation of the 2013-14 QM
programs!! with the relative change in efficiency against the relative increase in discharge pressure for units
with condenser coil blockage.

The difference between the laboratory report’s measured capacity and efficiency and the capacity and
efficiency values used in CPUC energy savings simulations or engineering calculations has to do with how the
outdoor air load is treated. APPENDIX A discusses the difference in greater detail. The Intertek laboratory is
designed for AHRI testing, which does not use outside air, and thus does not account for outdoor air in the
load on the cooling coil. When outside air is introduced to the unit, as in the fault tests conducted for the
detailed report, the efficiency and capacity values are dependent on the mixed temperature of the return air
and the outdoor air together. Physically separating the two flows to measure flow rates (and determine
capacity requirements) individually would be wildly inconsistent with how units are operated; leaving them
together makes it impossible to directly measure the two coil loads (return air and outside air) separately.

The HVAC lab team has worked with the CPUC DEER team to develop a methodology for translating the
laboratory data into values that can be used in simulations, outlined in APPENDIX A. The DNV GL team has
produced adjusted findings that can be used in building simulations, contained in the test data file
(APPENDIX D).

2.2 Important findings — general testing

* The impact of economizers on system efficiency is significant and unexpected due to higher than
anticipated economizer leakage. For units tested with economizers, average closed damper outdoor
airflow was 18% of total system airflow. This may exceed ASHRAE 62.1 minimum outdoor air ventilation
requirements for common commercial buildings.

* Excess ventilation loads (over code-required minimums) can have a significant negative impact on
cooling efficiency.

11 pny GL, Impact Evaluation of 2013-14 HVAC3 Commercial Quality Maintenance Programs. CPUC, 2016.
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For economizers that were 100% open, the average outdoor airflow is 68% of total system airflow
instead of 100%, limiting the amount of free cooling supplied.

Economizer outdoor airflow varies as a function of damper position and return static pressure. Such data
are not typically provided by manufacturers, so technicians do not have a reliable method to establish
optimal damper position without making direct measurements of outdoor airflow.

If operating properly, an economizer with changeover set points at 70°F or lower can increase cooling
capacity and save energy.

The units as delivered from the manufacturer (out-of-the-box, or OOTB) did not consistently perform at
the rated efficiency. OOTB units produced higher supply airflow than allowed by applicable AHRI
standards for four of the five units tested. Single-compressor units tested within the published AHRI
efficiency and capacity values, but the dual-compressor units had efficiency below the rated values. The
as-shipped refrigerant charge levels were less than the listed factory charge for three of the five units
tested.

Each unit required modifications to meet the established AHRI test conditions and achieve the published
efficiency and capacity ratings. These modifications included operating fans at lower speeds (by
adjusting the motor sheave or installing a larger diameter pulley) to reduce airflow rates and reduce
external static pressure. More than one of the units needed to have refrigerant added beyond the factory
charge in order to meet the published efficiency. Laboratory staff also had to seal all unit cabinets with
tape to insure minimal leakage.

Optimal efficiency at external static pressures representing field conditions was achieved at airflow rates
lower than the nominal 400 cfm/ton. The fan power required to increase the airflow rate at higher static
pressures overshadowed the efficiency gains due to improved heat transfer at the coils.

2.3 Important findings - fault testing

The diagnosis and adjustment of refrigerant charge is difficult to achieve in the field since both total unit
airflow and the presence of outdoor air intake affect the reliability of fault diagnosis and detection. Most
fault detection diagnostic protocols are based on entering evaporator coil (or mixed air) conditions,
which are nearly impossible to measure in the field with standard contractor maintenance equipment.
The accuracy of refrigerant charge diagnostic tests varied greatly. Manufacturer specific protocols
correctly diagnosed incorrect refrigerant charge from 25% to 97% of the time (depending on unit) with
an average correct diagnosis rate of 48%. The CEC testing protocols, also known as the superheat and
subcooling protocols, were accurate predictors of refrigerant charge faults from 23% to 51% of the time
with an average correct diagnosis rate of 31%.

Undercharge conditions had a much greater (negative) impact on capacity and efficiency than
overcharge conditions for both TXV and non-TXV? units as illustrated in Figure 1, which shows the
relative effect of undercharging and overcharging on one measure of system efficiency, the electric input
ratio (EIR)!2. The larger the relative EIR, the greater the negative impact.

12 E1R s the reciprocal of the coefficient of performance (COP).
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Figure 1. Refrigerant charge impact on unit efficiency (95°F OAT)
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* The optimal refrigerant charge for a unit may slightly exceed the factory charge at high outdoor air
temperatures with excess outdoor airflow. This is illustrated in Figure 1, which shows curves that
“bottom out” at a point slightly greater than 0% charge difference for a test conducted at 95°F outdoor
temperature.

« Refrigerant line restrictions lower suction pressure and evaporator saturation temperature and increase
superheat. These are similar to the symptoms for refrigerant undercharge, which may result in a
misdiagnosis.

e For the 7.5-ton non-TXV unit, the refrigerant charge diagnostic protocols misdiagnosed non-
condensables as undercharge.

* Cooling capacity and efficiency impacts due to evaporator coil blockage are correlated to changes in
evaporator airflow, shown in Figure 2 and Figure 3. This suggests that the impacts of evaporator coil
blockages can be estimated in the field using airflow measurements.
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Figure 2. Impact of evaporator coil blockage on total and sensible gross cooling capacity
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Figure 3. Impact of evaporator coil blockage on relative efficiency
105.0% -+

8

% 102.5% -

o [ |

2 100.0% - u [ |

o

o [ |

e 97.5% - u

()

3

95.0% -+

& ° 3-Ton, 82 F

£ 92.5% - W3-Ton, 95F

o

w

W 90.0% -

[

2

=]

S 87.5% -

(3

85.0% T T T T T 1
85.0% 87.5% 90.0% 92.5% 95.0% 97.5% 100.0%
Airflow (% of unblocked system flow)

« Evaporator coil blockage reduces both airflow and evaporator heat transfer surface area, which makes it
difficult to use one diagnostic test, called the temperature split method, to diagnose the blockage. The
temperature split method is designed to diagnose low airflow under clean coil conditions, and is
confounded by the combination of reduced airflow and reduced heat transfer surface common to
evaporator coil blockage faults.
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blockage.

A condenser coil blockage has a greater negative effect on system efficiency than an evaporator coil

An evaporator blockage lowers sensible efficiency and capacity (which influences room temperature and

thermostat operation) more than total efficiency. Sensible capacity determines unit run time and energy

consumption.

Cooling capacity and efficiency impacts due to a condenser coil blockage are highly correlated to

changes in condenser discharge pressure, shown in Figure 4 and Figure 5. This suggests that condenser

coil blockages can be estimated in the field using condenser discharge pressure measurements.

Figure 4. Sample figure from HVAC3 commercial QM program evaluation
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Figure 5. Relative total capacity impact due to condenser coil blockage
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Multiple fault tests showed that the sum of the impacts of the individual faults accurately predicted the
effect of the combined multiple faults. One exception is the combination of condenser blockage and
refrigerant restrictions, where the combined impact is less than the sum of the individual faults.
Troubleshooting multiple faults through a logical progression will reduce or eliminate false alarms,
misdetection, and misdiagnosis. Cleaning coils, changing filters, and checking airflow are important first
steps before attempting additional FDD on the unit.

2.4 Important findings - diagnostic instrument testing

The CEC testing protocol often failed to correctly diagnose refrigerant charge faults. On average,
manufacturer-specific protocols do better than generic protocols, but are not as accurate as the weigh-in
method.

Both generic and manufacturer-specific refrigerant charge testing protocols give “false alarm” readings
at some conditions.

One unit (RTU2) was tested for the effects of attaching and detaching refrigerant hoses. Total power,
sensible EER, sensible capacity, and total EER all decreased as the number of attachments increased.
Total EER showed the greatest decrease, with more than a 10% loss of efficiency at 60 attachment
cycles. This may be due to the introduction of hon-condensables or may be due to refrigerant loss.
Further study is necessary to determine the exact cause of the change in efficiency.

It can take 5 to 10 minutes for the refrigerant-tube temperature measurement instrument sensors to
read the correct temperature due to the starting temperature of the measurement sensor, even when
the unit is already in steady-state operation.

DNV GL - www.dnvgl.com
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* Type-K scissor clamp refrigerant-tube measurement devices were the most accurate measurement of
refrigerant temperature. The least accurate were Type-K insulated bead probes and thermistors, which
recorded a 10 OF temperature error at 95°F ambient conditions. Such errors can result in misdiagnosed
or undiagnosed faults.

« Refrigerant-tube test measurements were most accurate at the 10:00 and 2:00 position of the tube and
least accurate at the 6:00 position, where liquid refrigerant is most likely to collect if present.

* Preliminary tests show that the average difference between laboratory and digital pressure
measurement instruments was 0.57% +/- 0.24%. The average difference between laboratory and
analog pressure measurements instruments was 1.76% +/- 0.57%. Only best-case conditions have
been tested; further tests at high-temperatures are planned to simulate instruments that sit in a closed
vehicle on a hot day.
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3 DETERMINING FUTURE TESTING

The HVAC Laboratory Testing team recommends continued testing activities in future HVAC roadmaps. The
data collected to date has already allowed for the following improvements:

The laboratory test activities described in this introduction have been a resource for understanding the
impacts of refrigerant system faults on unit performance, and the ability of FDD protocols to correctly
identify faults.

The test activities contributed to the impact evaluation of the refrigerant charge and coil cleaning
components of the commercial maintenance programs and the refrigerant charge adjustment updates to
the 2018 DEER.

The fan power and economizer airflow data from the test activities have been used to improve the
specification of building prototypes used across all DEER measures.

Information on the efficacy of FDD protocols has informed the development of evaluation field test
protocols.

In addition, the release of the test results will provide the HVAC research community with a rich dataset for
further investigations of the impact of HVAC system faults on unit performance and the development of new
FDD and field test protocols.

DNV GL recommends further discussion among the HVAC community to inform the development of the next
test plan to direct laboratory research. The discussion should include many interested stakeholders,
including the CPUC, CPUC advisors, ex ante team, I0OUs, implementers, Western HVAC Performance Alliance
(WHPA), evaluators, and interested academics. The laboratory team has established the following
methodology for facilitating that discussion:

Collect data from other report reviews: the commercial maintenance programs evaluation report
contained a recommendation to collect additional coil cleaning laboratory data for systems under a
variety of HVAC system fault conditions and combination of conditions, such as low airflow, dirty
condenser coil, and low refrigerant charge.

Assemble comments received in the course of distributing and reviewing the overall laboratory test
report and compilation of the laboratory test data from the individual test reports.

In the course of presenting the results of testing to the stakeholders, including the I0Us and WHPA,
initiate specific conversations requesting feedback on the direction of future testing.

Reach out to interested academics known to conduct or interpret similar types of HVAC testing and
solicit suggestions.

Identify facilities for conducting testing, determine pricing, and develop cost data to assist with
budgeting and prioritization of future laboratory testing activities.
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APPENDIX A. ADJUSTING FINDINGS FOR SIMULATION

The detailed laboratory report presents quantitative capacity and efficiency measurements under a series of
test conditions, such as varying refrigerant charge, introduced faults, and changing outdoor temperature.
However, these quantitative results cannot be used directly in methods relying on equipment (versus system)
efficiency such as building simulation programs and certain engineering calculations because of the way they
account for the air conditioner load resulting from outdoor air. The DNV GL team has produced adjusted
findings that can be used in building simulations, contained in the test data file (APPENDIX D).

Figure 6 shows a schematic of the loads on the cooling coil and the power inputs into the air conditioner. The
loads on the cooling coil are marked with “L"” and the power inputs are marked with “P.” The loads on the
warm air-side include the space load (L4), the return load (L3, such as leakage in the return plenum), the
ventilation load (L1), and the load from unwanted outside air!3 (L2). The loads on the cool air-side include
cabinet leakage (L5), the cooling delivered to the space (L6), and heat added from the fan (L7). L8
represents the total load on the cooling coil. The power inputs are at the condenser fan (P2), the compressor
(P1), and the supply fan motor (P3).

Figure 6. Schematic of air conditioner loads and power inputs
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13 This represents leakage into the unit above the desired ventilation load.
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The reason the laboratory results cannot be used directly in energy calculations or building simulations is
due to where the airflows are measured, how their temperatures are measured, and whether the coil load is
“net” or “gross.”

« Where the airflows are measured. The laboratory is designed to test units to AHRI specifications,
which allow the cabinet to be sealed and do not include outside air. As a result, the ventilation load (L1),
unwanted outside air load (L2), and leakage (L2 and L5) loads are not typically part of the AHRI
measurement. The laboratory measures the air into the coil and out of the coil, but because it does not
usually need to account for outdoor air, the measurements are of the return air duct and the supply air
duct. It does not account for the outside air in the coil measurement.

« How the airflow temperatures are measured. The laboratory data, which measure the temperature
in @ matrix across the duct, show that a direct, single-point measurement of airflow temperature is not a
good representation of the actual conditions seen by the coil. The airflow is generally stratified and the
temperature unevenly distributed. As a result, it’s more accurate to estimate mixed air conditions from
the two streams that make it, which are the outdoor air and the return air.

« Net versus gross capacity. The gross coil capacity is the total load on the coil (L8), while the net
capacity is the load delivered to the space (L6). The difference is somewhat in the cabinet leakage, but
most importantly in the heat added by the supply fan. The net capacity is what is measured in the
laboratory. The gross capacity is what is required for building simulations.

There are three steps to adjusting the capacity to account for outdoor air and the supply fan load.

1. Determine the amount of outdoor air that enters the unit at different economizer damper positions using
direct measurement, and correct it for the temperature and pressure at which the fault test was
conducted.

2. Determine the fan heat added to the supply air.

3. Calculate the mixed air conditions and revised supply air condition and determine the corrected capacity
(and efficiency).

Determine the OA at different economizer damper positions and correct for
fault test conditions

The Intertek tests included a number of direct measurements of outdoor airflow rates at varying damper
positions at 55°F outdoor air conditions (economizer tests). However, the fault tests were generally
conducted at 82°F, 959F, and 1159F outdoor air conditions. In addition, there were slight differences
between the return plenum pressures in the economizer tests and the fault tests. The temperature and
pressure differences produce different air densities, affecting the velocity of air through the outside air
dampers. Therefore, the outdoor air measured through a given damper opening at 55°F must be corrected
to determine the outdoor air through the same damper opening at 82°F, 959F, or 115°F. The correction
equation is shown in Equation 1.

cfm, =cfm APa vz i

2 1 2P, 1, Equation 1
where:

cfm = the outside airflow in cubic feet per minute

AP = the measured plenum-to-ambient static pressure drop in inches of water

\% = the specific volume of the air in cubic feet per pound
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references the economizer test condition
references the fault test condition

N =
Il

Calculating the fault test outdoor air using the economizer test outdoor airflow rate was possible for all but
one group of tests conducted on the 7.5-ton non-TXV unit with the economizer open 1 Finger, because no
outdoor flow rate economizer test was conducted at this damper setting. For this set of tests, a
refrigerant/air-side gross capacity balance was determined and the outdoor airflow calculated for the 82°F,
9590F, and 1159F fault test outdoor air conditions.

Using the variable names from the data file, Equation 1 can be represented as shown in Equation 2.

(Unit Inlet Staticpeqn * OA spec vol)

OA Flow corrected = OA comp\/ Equation 2

(Delta P Comp * Spec Vol Comp)

Determine the fan heat added to the supply air

The Intertek laboratory measurements included the power and power factor of the supply fan. The total
power used by the fan (fan power) can be divided into two components: the flow power, used to move the
air, and the fan heat. The flow power is a function of the total airflow and the total static pressure,
calculated using Equation 3.

(746)(Total Air Flow)(Unit Total Static)

Flow Power = 350 Equation 3

where:

Flow Power the flow power of the fan in watts
Total Airflow the supply airflow in standard cubic feet per minute
Unit Total Static = the external static pressure on the fan in inches of water

To calculate the fan heat, one must know the mass airflow of the supply air, which can be calculated using
Equation 4.

. Total Air Flow
Mass Air Flow = f Equation 4
where:
Mass Airflow = the mass flow rate of the supply air in pound-mass of dry air per minute

Total Airflow the measured volumetric flow of the return air in cubic feet per minute
\% = the specific volume of the air in cubic feet per pound

The fan heat can be calculated using Equation 5.

3.413(Fan Power — Flow Power)

Fan Heat = 0.240 Mass Air Flow Equation 5
where:
Fan Heat = the temperature increase in the supply air stream caused by the fan in oF
Fan Power = the total power of the fan in W
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Using the variable names from the data file, Equation 3, Equation 4, and Equation 5 can be represented as
shown in Equation 6, Equation 7, and Equation 8 respectively.

(746)(Tot Air Flow SCFM,,q,)(Unit Total Staticpeqn)

Flow Power = 6350 Equation 6

Total Air Flow SCF M, pqn .
= Equation 7
§A Mass Flow Coil Out Spec Vol q

3.4-13(ID Blower Wy,,; — Flow Power)
0.240 SA Mass Flow

Fan Heat DT = Equation 8

Calculate the mixed air conditions, corrected capacity, and simulation efficiency

The mixed air conditions represent the properties “seen” by the cooling coil, which is a mix of the outdoor air
and return air. To determine the corrected gross coil capacity, one must know the enthalpy of the mixed air
entering the coil, which is a measure of the “heat energy” present in the air. One must also know the
enthalpy leaving the coil. The enthalpy provided by the coil (the gross capacity) can be calculated as the
difference between the entering enthalpy (mixed air enthalpy) and leaving enthalpy (leaving enthalpy).

To determine the mixed air enthalpy, one must know the portion of the mixed air that comes from the
outdoor air and the portion that comes from the return air. The portion that comes from the return air can
be calculated using Equation 9.

myq = Mass Air Flow — m,, Equation 9
where:
m = the mass flow rate in pounds-mass of dry air per hour
ra = refers to the portion of the mixed air from return air
oa = refers to the portion of the mixed air from outdoor air

The enthalpy of the mixed air stream can be calculated using Equation 10.

h _ mra hra + moa hoa
ma —

Mass Air Flow Equation 10

where:
h = the enthalpy in Btu per pound-mass of dry air
ma = refers to the mixed air

The coil leaving enthalpy can be determined from an understanding of the characteristics of the air leaving
the coil, which are the characteristics of the supply air corrected for the heat added by the supply fan. The
coil leaving enthalpy can be identified from standard HVAC tables if one knows the coil leaving humidity ratio
and DB temperature. The humidity ratio of the air leaving cooling coil (L5 in Figure 6) is the same as the
humidity ratio of the air supplied to the space (L6 in Figure 6)Fheteaving-humidityratio-is-the-sameasthe
supply-atr-humidity-ratie. The leaving DB temperature can be found using Equation 11.

DBieqve = DBsq — Fan Heat Equation 11

where:
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DB the dry bulb temperature in degrees Fahrenheit
leave = refers to the coil leaving conditions

The gross cooling capacity can be calculated using Equation 12.
Gross Cooling Capacity = Mass Air Flow (hyg — Rieave) Equation 12

The energy input ratio (EIR), typically used by building simulations as a measure of air conditioner efficiency,
is a function of the input power divided by the gross cooling capacity in equivalent units, or Equation 13.

EIR = (P1+P2)
" Gross Cooling CapW Equation 13
where:
EIR = the energy input ratio
P1 = the compressor power in watts
P2 = the condenser fan power in watts
P3 = the supply fan power in watts

Gross Cooling CapW the gross cooling capacity converted to watts

Using the variable names from the data file, Equation 9, Equation 10, Equation 11, Equation 12, and
Equation 13 can be represented as shown in Equation 14, Equation 15, Equation 16, Equation 17, and
Equation 18 respectively.

RA Mass Flow Rate = SA Mass Flow — OA Mass Flow Corrected Equation 14
RA Mass Flow Rate * RA Enthalpy + OA Mass Flow Corrected OA Enthalpy
MA Enthalpy = SA Mass Flow Equation 15
Coil Leaving DB = ID Outlet Dry Aityeqn — Fan Heat DT Equation 16
Gross Cooling Capacity = Mass Air Flow (hyq — Rieave) Equation 17

(Comp Unit Power)

EIR = Gross Cooling Capacity Equation 18
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APPENDIX B. HVAC BASICS

This appendix provides a basic understanding of an air conditioner system and the terminology used to
characterize how it operates. Understanding the functions of the main components and how they interact is
critical to understanding the laboratory test results.

Figure 7 shows how a typical packaged commercial air conditioner is installed on a small office space. The
“cut-away” air conditioner on the left of the roof is shown in greater detail in Figure 8; the other three air
conditioners more closely approximate what a unit looks like when installed. The packaged units are
connected to duct systems which distribute the air to the office locations.

Figure 7. Installed packaged commercial air conditioner

Figure 8 shows a cut-away view of the packaged air conditioner on the left of the roof in Figure 7. Outside
air enters the unit through the vent on the left, while return air enters from the curved duct under the unit.
The warm air (from the outside and the return) is sent through an air filter and pulled through the cooling
coil (shown in blue). A supply fan delivers the cooled air to the building through the straight duct under the
unit. The final portion of the air conditioner contains the compressor, which is the portion of the refrigeration
cycle that removes and rejects the heat from the air conditioner. The fan at the top right of the unit helps
keep the compressor cool.
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Figure 8. Cut-away packaged air conditioner
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The basic schematic

The primary purpose of an air conditioner is to balance building heat loads!* to maintain a constant internal
air temperature. A secondary purpose is to introduce and condition outside ventilation air added to the
building to displace carbon dioxide produced by the occupants. To offset these loads, air conditioners
produce cold air that mixes with the warmer internal air until the desired space temperature is accomplished.
As the rate of heat load on the building increases, more and more cool air is heeded to offset the load. If the
air is not delivered at the intended temperature or in the intended volume, occupancy comfort will be
affected. Figure 9 shows a basic packaged air conditioner schematic.!®

14 \When the sun shines, it radiates heat on the building exterior and through windows. When the temperature outside of the building is warmer than
the indoor temperature, conduction through the building’s shell adds heat. In addition, buildings are full of things that give off heat, such as
people, computers, plants, and lights.

154 packaged system is one where all of the air conditioner components are in one unit, which is typical for small and medium-sized commercial
buildings.
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Figure 9. Basic air conditioner schematic
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