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Abstract

In 1994, Pacific Gas and Electric Company (PG&E) undertook a study entitled,
“Residential Cooling Load Calculation and Air Conditioner Selection Methods
Analysis". This study was the outgrowth of concern over the coincident peak effect
of residential air conditioners. Residential AC coincident peak load depends on
(among other factors) the size of the unit. In 1994, PG&E began requiring a cooling
load calculation as a condition for residential AC rebates.

An air conditioner selection process consists of two stages. First the building
sensible and latent load at the design conditions is calculated and then an
equipment selection method is applied to choose a particular unit from the
manufacturer’s catalog. If errors occur in either one of these stages the units would
be sized improperly.

The two parts of the study mirrored the two stages of equipment selection. In Part
One, forty-one cooling load calculation methods submitted by over fifty contractors
and distributors were compared against ACCA Manual J, an industry accepted
standard. As submitted, ten of the methods calculated loads within 20% of Manual
J. With revisions, another ten methods came within 20% of Manual J.

In the second part of the study, equipment selection methodologies were compared
based on how they actually sized units to the expected indoor design conditions. A
method of predicting indoor conditions specific to each piece of equipment was
developed. Existing equipment selection methodologies can oversize units on
houses in hot dry climates by 50% or more.

© 1994 PG&E Page i Proctor Engineering Group
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I. Executive Summary

Various research projects and field testing performed for Pacific Gas and Electric
Company by Proctor Engineering Group and others have indicated that residential
air conditioners are substantially oversized (Lucas 1992, PG&E RACER 1992, Florida
Solar Energy Center 1994). HVAC contractors often size air conditioners by rules of
thumb that have developed over the years. This leads to substantial over sizing and
a higher diversified electric peak load (Neal et al. 1992, Proctor et al. 1992).

In order to solve this problem the AC sizing should be performed in two stages.
First, an accurate cooling load calculation method should be used to estimate design
sensible and latent loads. Second, an equipment selection method should be applied
to choose a particular unit from the manufacturer’s catalog that just meets these
loads. If errors occur on either one of these stages, or if the load calculation and
sizing methodologies make different assumptions, the units could be sized
improperly.

In 1994, concerned about the high coincident electric load of residential air
conditioners PG&E’s Products and Services Department began requiring a cooling
load calculation as a condition for residential AC rebates. At the same time, PG&E
commissioned an investigation which had the following primary goal:

¢ To determine which load calculation and equipment selection methods
could be used within the PG&E's service territory to obtain proper
equipment sizing.

In the first part of the study contractors submitted load calculations These methods
were compared against a liberal criterion, the method must not produce loads
differing from Manual J estimated loads by over 20%. The analysis of these
submissions is summarized in Figure 1-1. By the end of the process, half of the
methods were approved (one quarter as submitted, one quarter with revisions).

© 1994 PG&E Page 1-1 Proctor Engineering Group
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Figure 1-1. Cooling Load Calculation Approvals

The objective of the second part of the study was to analyze different equipment
selection methodologies based on residential building load calculations within
PG&E service territory. For this purpose the air conditioners for prototype
building/climate combinations were selected using different equipment selection
methods. None of the existing methods could be used as a benchmark for the
comparison since they assume standard 50% design indoor relative humidity which
is not the case in PG&E's service territory. A methodology of determining the
expected indoor conditions was developed to make the comparison possible. The
indoor humidity depends on internal gains, the humidity ratio of the outdoor air,
house infiltration and sensible heat ratio of the equipment, and is unique for any
particular climate-building-air conditioner combination.

© 1994 PG&E Page 1-2 Proctor Engineering Group
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The equipment selected by the tested methodologies was analyzed for the expected
indoor conditions. The air conditioner capacity under the expected indoor

conditions and design outdoor conditions was compared to the loads from Manual
J. The results are shown in Figure 1-2
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Based on this investigation Proctor Engineering Group concludes:

* A majority of the existing design load calculation methods that are
commonly used produce estimates of cooling load that exceed Manual J by
over 20%.

*  Submitted load estimation methodologies showed a number of common
shortcomings: no error checking procedure, insufficient data for load
calculation through windows and opaque surfaces, lack of consideration for

actual indoor conditions, oversimplified procedures for duct load,
infiltration, and latent load, as well as insufficient data for interior and

exterior shading.

¢  Four of the most popular equipment selection methods result in equipment
specification from 14% undersized to 79% oversized compared to the
building Manual J loads.

*  Manual S selects units that are oversized by approximately 20% for PG&E's
service territory beyond any over sizing that might be inherent in Manual J.

e All evidence known to the authors indicates that when Manual J (without
any added safety factors) is used to estimate the cooling load and Manual S is
used to select equipment, air conditioners in PG&E’s service territory will
be oversized. That combination of methodologies is conservative. Only a
field investigation would verify the actual operation of units sized in this

manner.

*  Air conditioner manufacturers do not present sufficient performance data
for proper sizing in hot/dry conditions similar to those in PG&E’s service
territory.

Based on this investigation, Proctor Engineering Group makes the following
recommendations:
* A baseline load calculation and sizing methodology should be verified by
field testing (submetering) of known size units with documented
performance data, in houses with known physical characteristics.

*  Load calculations should be required on all air conditioners that are going to
be installed with utility assistance. Only independently reviewed load
calculations that fall within an acceptable range around a verified
methodology should be used for the PG&E rebate program.

¢  The load calculation documentation should be reviewed to ensure that
approved methods were used correctly for the particular buildings.

* If control of over sizing is to be accomplished, the capacity of the installed
equipment should be verified.

© 1994 PG&E Page 14 Proctor Engineering Group
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*  Pacific Gas and Electric Company and other utilities should work with
manufacturers to obtain a consistent presentation of air conditioner
performance data appropriate to hot dry climates.

© 1994 PG&E Page 1-5 Proctor Engineering Group
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II. Introduction

In 1994, PG&E undertook a study entitled, “Residential Cooling Load Calculation
and Air Conditioner Selection Methods Analysis” in conjunction with their air
conditioner rebate program. The primary goal was to assist the HVAC contractors in
the PG&E service territory in using appropriate cooling load calculation and
equipment selection methods. This would help prevent AC over sizing and
consequently would reduce PG&E's peak electric load.

Sizing is a two stage procedure. First the building design load is calculated and then
equipment is selected. If errors occur in either one of these stages or they contain
inconsistent assumptions the units may be sized improperly.

There are many load calculation methods used by HVAC contractors and engineers,
ranging from single page manual worksheets to computer software packages.
Different methods often yield different results for the same buildings. In the PG&E
rebate program, all calculations must be performed using an approved method in
order to qualify for the rebate.

The two manual methods generally accepted by the industry are the ACCA Manual J
method (Manual J 1986), and the ASHRAE CLTD/CLF method (ASHRAE
Fundamentals 1993). Both methods are based on significant modeling assumptions
and have limitations, but are traditionally considered to be sufficiently accurate for

normal use.

Part 1 of this study collected, analyzed and compared 41 cooling load calculation
methods to Manual J.

In Part 2 of this study, four equipment selection methods were analyzed. Air
conditioners were selected from major manufacturers' catalogs while using
different load calculation and equipment selection methods. A methodology for
determining the expected house indoor conditions for a particular climate-building-
air conditioner combination was developed. Based on this methodology over sizing
margins for the selected units were calculated.

© 1994 PG&E Page 2-1 Proctor Engineering Group
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III. Methodology, Part 1 Load Calculations

The load calculation comparison methodology included the following steps:
¢  Seven prototype building/climate combinations were created,
¢  Benchmark loads were calculated using Manual J and ASHRAE methods,

¢ Load calculation methods submitted by the HVAC contractors were used to
estimate cooling load and the results were compared to Manual J loads.

PROTOTYPE BUILDING/CLIMATE DESCRIPTIONS

Four prototype building designs were created for this study. They are “Typical”,
“Old”, “New”, and “Massive”. The "Typical” building represents construction in
compliance with 1988 California Energy Efficiency Standards for second generation
residential buildings. The "Old" building construction is leaky and poorly insulated.
Both "New" and "Massive" buildings comply with 1992 California Energy Efficiency
Standards. They have the same level of insulation and window type, but the
Massive building has more glazing area and thermal mass than the New building.

The following factors are main contributors to residential building and HVAC
system cooling load: '

¢  Location, including daily temperature range, degrees latitude and summer
outside design conditions;

¢ Inside design conditions;

¢ Assembly type and area of exterior walls, roofs, floors, windows and
partitions;

*  Window orientation, exterior and interior shading;

e Infiltration;

*  Number of people and their activity;

* Internal gains from appliances and lighting;

¢  Mechanical ventilation;

*  Duct location, leakage and insulation level.
Two Northern California cities, Fresno and Petaluma were used as the prototype
locations. Fresno is a hot dry Central Valley location with a climate similar to that

in which most of the PG&E residential air conditioners are located. Petaluma has
more moderate design conditions.

© 1994 PG&E Page 3-1 Proctor Engineering Group
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Details of these buildings are given in Appendix H.

LOAD ESTIMATION

Two manual HVAC load estimation methods are generally accepted by the industry:
Manual J and ASHRAE CLTD/CLF. These methods calculate cooling load at 2.5%
design conditions which is considered sufficient for residential HVAC applications.
Two point five percent design conditions are outdoor temperatures that are
exceeded 2.5% of the total summer hours (June through September). Indoor design
conditions are 75°F dry bulb with 50% relative humidity.

The load calculated with Manual J is usually larger and this method was selected as
a benchmark for this study. The loads calculated by both methods for the prototype
buildings are contained in Appendix I

ACCA nual

Manual | was developed by the Air Conditioning Contractors of America and the
Air-Conditioning and Refrigeration Institute (Manual J, 1986). It estimates the
cooling Joad of a residence at design conditions.

The total building heat gain is calculated as a sum of the heat gains through the
building envelope and internal gains. Envelope gains include solar radiation,
outdoor/indoor temperature difference, infiltration, and ventilation. Internal gains
are from people and appliances. These gains are calculated through twenty four
hour average heat transfer multipliers and equivalent temperature differences.
Time of day and building heat storage capacity effects are bundled in these
multipliers.

ASHRAE CLTD/CLF

The Cooling Load Temperature Difference/Cooling Load Factors method
(CLTD/CLF) is described in ASHRAE Fundamentals, 1993. It considers the same
heat gain sources as Manual J and yields approximately the same calculated building
envelope sensible load. However the treatment of latent gains and gains through
ducts is different between Manual | and ASHRAE (ASHRAE estimates smaller duct

gains).

Conlractor Submissions

Forty one different methods were submitted by HVAC confractors and distributors
for review. They included manual worksheets (29 submissions), computer software
(10 submissions), and pre-programmed calculators (2 submissions). Each method

© 1994 PG&E Page 3-2 Proctor Engineering Group
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was used to calculate load for the prototype building/climate combinations and was
analyzed for any shortcomings.

© 1994 PG&E Page 3-3 Proctor Engineering Group
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IV. Discussion, Part 1 Load Calculations

Forty one different methods were submitted for review, including 29 manual
worksheets, 10 programs for IBM compatible computers and 2 programs for hand
held calculators. Manual methods are the most popular among the contractors
because they require less time to learn and are easiest to use. However they are less
reliable since every input is open to errors. Computer programs usually offer
comprehensive libraries of location data, assemblies, materials, glazing and shading
types. On the other hand they sometimes contain "bugs" and tempt the user to
enter the default values which do not fit every situation.

The following method shortcomings were the most frequently found.

1. No appropriate error checking procedure. This applies to all manual methods.

Most computer programs have some checking procedures, but all fall short of the
error checking potential of computers. One computer program calculated an
incorrect load after the initial input and thus required a manual check to find errors.
The program authors released a new version of the software after discussions with

PEG. :

2. Ingufficient location data. Many methods show design outdoor parameters for a
very limited number of geographical locations or show data other than that in

Manual J and ASHRAE. Daily temperature range is often not considered.

3. No consideration given to actual indoor wet bulb temperature. The expected wet
bulb temperature at design outdoor conditions is a primary parameter for
determination of equipment cooling capacity, but none of the methods provide a
procedure for its calculation.

4. Duct load calculations are oversimplified or not addressed, Several methods do

not calculate the duct load and several others recommend the same default
muitiplier without considering duct location and level of insulation. In other cases
it is assumed that all ducts were in the same location and had the same level of
insulation, which is often specified in terms of thickness without a reference to R-
value. Duct leakage is not considered in any of the methods.

5. Insufficient data for load calculation through opaque surfaces. Many methods
provide data for very limited amount of construction assemblies. Worksheets often
do not specify the cooling load multipliers for R-13 walls, R-19 floors, or R-30
ceilings. In some cases the recommended multiplier selection is based on the
criteria such as "two inches of insulation or more". Partitions and knee walls that
separate a conditioned space from an unconditioned space like attic or garage are
often considered as exterior sunlit walls or ignored.

© 1994 PG&E Page 4-1 Proctor Engineering Group
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6. Insufficient data for windows and doors. Window type, material and frame were

often not taken into account. In extreme cases it means that the calculated load is
the same for clear single glazed sliding window with metal frame and an energy
efficient low-e double pane window with thermal break. Skylights are often
ignored. Doors are sometimes considered as exterior walls or glazing.

7. _Insufficient data for interior shading. Interior shading device type and color are
not considered. For example, one model assumes that dark drapes have the same

shading effect as light venetian blinds.

8. Insufficient data for exterior shading. In many cases there are neither

instructions on overhang shading effect calculation nor are the specific dimensions
such as window height, overhang length and distance to the top of the window
taken into account.

9. Infiltration load js not specifically addressed or it is calculated with an

oversimplified procedure. It is often assumed that the infiltration rate is constant or
depends only on the conditioned floor area. Manual ] recommends different rates
depending on the construction quality and floor area. ASHRAE rates depend on the
outdoor design temperature and building air tightness type defined as tight,
medium or loose.

10. Latent load is not calculated. Many methods estimate the design latent load to
be equal to 30% of the sensible load and this is not the case for a California-type
climate. The latent load should be calculated based on the number of people and the

outdoor humidity ratio.

11. Ventilation load is not considered. Most methods do not provide the procedure
to determine ventilation requirements and load.

© 1994 PG&E Page 4-2 Proctor Engineering Group
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Initial method shortcomings are summarized in Table 4-1.

Table 4-1. Method Shortcomings
Shortcoming % with
problem
No appropriate error checking procedure 86
Insufficient location data 64
No consideration for actual indoor wet bulb temperature 100
Duct load calculations are oversimplified or not addressed 92
Insufficient data for load calculation through opaque 69
surfaces
Insufficient data for windows and doors 72
Insufficient data for interior shading 61
Insufficient data for exterior shading 61
Infiltration load calculations are oversimplified 56
Latent load is not calculated. 64
Ventilation load is not considered 64

INVESTIGATION OBSERVATIONS

In the course of the investigation the following items were observed:

*  Most applicants were unaware of any method shortcomings and referred to
their long positive experience with their AC sizing method, “I have never
had a complaint”.

¢ Some applicants used outdated methods published in the 1950s. Others used
cooling factors based on old typed of construction ignoring the latest
development in building insulation, window types and materials, and air
tightness.

© 1994 PG&E Page 4-3 Proctor Engineering Group
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PREVIOUS STUDIES

A number of previous studies have been conducted on residential air conditioner
sizing, Included are studies by Lucas, Neal and O'Neal, and Florida Solar Energy

Center.

Lucas

Lucas analyzed monitored data collected during the past 7 years from residences in
the Pacific Northwest to determine whether residential air conditioners have been
sized properly. Both the sizing recommendation based on Manual J and peak

monitored loads were compared to the capacity of the installed equipment for each

site.

Lucas concluded:
* In sixty homes air conditioners were oversized an average of 43% relative to
Manual J. About half the units were oversized by more than 25% and about
one-sixth were undersized.

*  Monitored cooling energy data revealed that the air conditioners in 13 of 75
sites (17%) operated frequently at full cooling capacity during the summer.
The indoor temperature measurements in these houses were an average of
2.3°F higher relative to other sites compared to Manual J. Most of the AC
were undersized or properly sized, however, 4 of them appeared to be
oversized.

* The data indicated a reasonable average down sizing of 20% was available
from existing cooling capacities.

Neal and O'Neal

The study examined the impacts of air conditioner sizing, efficiency, and refrigerant
charge on the utility peak demand from steady-state operation of residential central
air conditioners. The analysis was based on the results of laboratory tests of a three-
ton, capillary tube expansion, split-system air conditioner, and assumptions about
relative sizing of the equipment to the cooling load of the residence.

Neal and O’'Neal concluded:

*  Proper sizing of the unit was the largest factor affecting energy demand of
the three factors (sizing, charging, and efficiency). For example, the utility
peak demand for a SEER 10 unit could be reduced by 23% if a 75% oversized
unit was replaced by the properly sized unit. The authors used the 75% as a
“normal existing true oversizing”, referring to multiple sources which
showed that typical oversizing of central residential air conditioners was in
the range of 60% to 80%. They suggested that the bigger portion of normal
oversizing resulted from installers who did no load calculations but used

© 1994 PG&E Page 4-4 Proctor Engineering Group
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outdated, overly conservative, “rules-of-thumb”, such as 400 sq.ft. per ton
and then went up in equipment size “just to be sure”.

e  Very little was gained by size reduction until the size of the equipment is
reduced below 26% above the true proper sizel. Because the authors
thought that ACCA/ASHRAE calculations produced conservative results
that cause oversizing of approximately 25% , they suggested that the dealer
should not be allowed to exceed Manual J results and should be encouraged
to select the next smaller capacity unit.

ri r n

Florida Solar Energy Center (FSEC) has studied the issue of residential air
conditioning sizing methods in Florida. Four hundred and eighty nine contractors

were surveyed.
The authors concluded:

Air conditioning sizing was accomplished by using Manual-] procedure by 33% of
the respondents, software by about 34.4% of the respondents, square-footage by 24.2%
and other procedures by about 8.4%. At the same time FSEC thought that
respondents might have a built-in bias self selecting those most concerned about the

issue.
¢  Thirty eight point five percent (38.5%) of respondents said they had at times
purposely oversized units.

*  FSEC suggested that the consequence of oversizing are typically greater
initial cost and greater energy use.

*  There was no consensus between contractors that use square-footage
method. They used different numbers of square feet per ton.

1This conclusion was for units controlled by a constant thermostat setting.

© 1994 PG&E Page 4-5 Proctor Engineering Group
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V. Results, Part 1 Load Calculations

Only ten of the methodologies were within 20% of Manual J as submitted. The most
common cause for initial rejection was the treatment of latent loads. Many
methods assume latent load is 30% of sensible load. Other methods overstate
sensible loads by 30 to 150% often based on simplifications that may have been
accurate when buildings were less insulated.

The approval process was interactive and, with revisions, an additional 10 methods
were approved. Figure 5-1 illustrates the proportion of methods approved by
method type.

45 o
40 +
35 4
304
25 4
20 +
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10 4
5 4

Number of Methods

Total Manual Computer Calculator

Approved as A Approved With LI Not Approved
Submitted Changes

Figure 5-1. Cooling Load Calculation Approvals

© 1994 PG&E Page 5-1 Proctor Engineering Group
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VI. Methodology, Part 2 Equipment Selection

Proper equipment sizing is a two part process. The design cooling load is estimated
and then the equipment is selected. The objective of the second part of this study
was to analyze different equipment selection methodologies.

In many cases, different equipment selection methods lead to a different unit being
selected for the same house. In this study, the air conditioners from four major
manufacturers participating in the PG&E rebate program were selected for six
different houses using the four most popular methods. The selection methods are:

e ACCA Manual S
e  Design Sensible Load at ARI Indoor Conditions

¢  Design Total Load
¢  Square Feet per Ton "Rules of Thumb"

The cooling load for the houses was calculated using four previously approved
methods:

¢+ ACCA Manual J
e  Trane Worksheet #22-8018-1 P. I revise 03/16/94
¢ Comply-24 computer program for load and Title 24 compliance analysis

¢  Lennox Worksheet # CL 841-L7.

METHOD DESCRIPTIONS

ACCA Manual S

This method consists of four basic steps:

1. Based on the sensible heat ratio, a CFM is initially determined. For dry
climates this is 650 cfm per ton of sensible load.

2. Initially select a specific AC unit from the manufacturer's application data
based on the cooling CFM and design sensible capacity.

3. Compare the selected unit’s sensible and latent capacities against the
corresponding building Manual J loads. The unit is considered correct if at
the design outdoor temperature, 75°F indoor dry bulb temperature, and 62°F
indoor wet bulb temperature its sensible capacity is at least equal but not
more than 15% greater than the sensible load, and the latent capacity is at
least equal to the calculated latent load.

© 1994 PG&E Page 6-1 Proctor Engineering Group
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4A. If the unit is slightly short of sensible or latent capacity, the same unit with a
different blower speed is checked for compliance. If still short, the unit of
the next larger sized unit is tried with the blower operating at nominal
speed.

4B. If the unit sensible capacity exceeds oversize limitations the next smaller
unit size is checked with nominal blower speed.

nsible L RIT nditi

According to this method, the unit is selected based on its sensible capacity at design
outdoor conditions and indoor conditions of 80°F dry bulb/67°F wet bulb
temperature. The correctly sized unit has a sensible capacity within 0 to 15% larger
than the sensible load and a latent capacity which is equal to or greater than the
building latent load.

Total Load

According to this method, the unit is selected based on its total capacity at design
outdoor conditions and indoor conditions of 75°F dry bulb/62°F wet bulb
temperature. The total capacity of the unit at the design indoor and outdoor
conditions must be 100% to 115% of the total load. No effort is made to determine
that either the sensible or latent load of the house will be met by the sensible or
latent capacity of the unit, only that the total load of the house will be met by the
total capacity of the equipment.

T n, "Rul mb"

Contractors often use a "Rule of Thumb" methodology for selecting equipment.
This methodology does not require calculation of the cooling load of the house.
Based on the contractors mental categorization of a low, average, or high cooling
load, a nominal air conditioner size is selected. One source of these values is the
check numbers from the ASHRAE Cooling and Heating Load Calculation Manual.

According fo this method, the unit is selected by using 700 Square Foot/Ton for a
low load house, 550 Square Foot/Ton for a average load house, and 400 Square
Foot/Ton for a high load house.

CALCULATING AIR CONDITIONER OVER SIZING MARGINS

None of the existing equipment selection methods could be used as a benchmark for
proper sizing at design since they all imply that the design indoor relative humidity
is 50% independent of the infiltration rate, outdoor air humidity ratio, number of
people, and unit latent capacity. In the hot and dry climate zones typical of PG&E's
service territory, the design indoor relative humidity will be closer to 35%-40% at an

© 1994 PG&E Page 6-2 Proctor Engineering Group



94.127A

indoor temperature of 75°F. A methodology of determining the expected indoor
conditions and unit performance at these conditions was necessary. A methodology
based on Equilibrium Sensible Heat Ratios was developed for the comparison.

The indoor design conditions are uniquely determined for a given thermostat
setting, climate, building, air conditioner combination. These are the conditions
that exist when the air conditioner sensible heat ratio equals the building load
sensible heat ratio. At that point the moisture entering the building is balanced by
the moisture removed by the air conditioner.

This equilibrium is automatic. For example if the SHR of the air conditioner is any
higher than that of the load (excess sensible capacity relative to latent capacity) the
amount of moisture in the air will increase and the SHR of the air conditioner will

fall back to equilibrium.

A two step process was used, calculating potential house Sensible Heat Ratios and
AC Sensible Heat Ratios then finding the indoor conditions where they match.

Building SHRs were calculated at 75°F indoor dry bulb temperature and a series of
potential wet bulb temperatures as follows:

*  The indoor humidity ratio in grains of moisture per pound of dry air was
calculated for the assumed indoor wet bulb temperature.

e The infiltration latent load in Btu/hr is calculated based on the calculated
infiltration rate and the difference between the moisture content of the
indoor and outdoor air

*  The building design latent load is determined as a sum of the infiltration
load and internal gains.

e  Sensible load is calculated in accordance with the load calculation method
being tested.

e Total load is calculated as a sum of the sensible and latent loads, and the
SHR is determined as a ratio of sensible load to total load.

Table 6-1 shows an example of these calculations for the “New” building located in
Fresno, California.
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